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Abstract
The growth of Super Massive Black Holes in galactic nuclei has been shown through empirical studies to be connected with the evolution of the host galaxy. The growth of the black
hole through accretion of interstellar gas can generate enough energy to outshine the host
galaxy; during this phase it is observed as an Active Galactic Nucleus (AGN). The nature of
the feeding processes that regulate the accretion flow and the processes governing the feedback
of radiative and mechanical energy to the host galaxy is still an active field of research. These
processes may be investigated by mapping the ionized gas flows within the central kiloparsec of
active galaxies. As part of a larger ongoing study, we have performed a detailed analysis of two
AGN based on measurements of optical emission lines made from Integral Field Spectroscopy
observations obtained from the GEMINI North and South Telescopes.
In the LINER galaxy NGC 4180, we identified two distinct kinematic components of the
emission line profile of the circumnuclear gas, a narrow component that extends across the
entire field of view and a broader, blueshifted component confined to the nucleus. We find that
the gas traced by the narrow component is photoionized by a combination of the AGN and
young stars, whereas the gas of the broader component is primarily AGN photoionized. We
also identify redshifted residuals in the narrow component, correlated with increased velocity
dispersion, that extends across the field of view. We find that the kinematic and morphological
features of our observations are well explained by a regularly rotating galactic disk, an ionization
cone perpendicular to the disk within which there is a gas outflow, and a spiral arm passing
behind the nucleus in outflow. Furthermore, we estimate the mass outflow rate of ionized gas
along the ionization cone to be ⇠ 4 ⇥ 10

5

M

yr

1

.

In the Seyfert 1 galaxy, MCG 06-30-015, which was recently discovered to host a counter
rotating core, we find the gas in the central kiloparsec to be predominantly AGN photoionized.
A principal component analysis reveals evidence of mass inflow into the nucleus from two spiral
arms originating in the counter rotating disk. We estimate the total mass inflow rate from both
arms to be ⇠ 3 ⇥ 10

2

M yr

1

. The kinematic and morphological features of our observations

are well explained by a geometric model of the central kiloparsec which includes a counter
rotating disk partially illuminated by an ionization cone that is inclined towards the viewer.
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1

Introduction

Although current observational capabilities do not allow us to directly study Supermassive Black
Holes (SMBH), we can still infer their presence through the impact they have on their surrounding
bulge. The empirical relations such as that between the SMBH mass and the velocity dispersion of
the galaxy, the MBH -

relation, Ferrarese & Merritt (2000), show that these objects are somehow

coupled to their host galaxy. We believe that this coupling most likely occurs through feeding and
feedback mechanisms. These are the mechanisms which transport material to the nucleus to fuel
the growth of the black hole, where part of the energy released by accretion onto the SMBH is
deposited through radiative and mechanical processes into the interstellar gas of the host galaxy,
as reviewed by Fabian (2012). During the period when inflowing material fuels the growth of the
SMBH, the galaxy is considered to be active and the center is deemed an Active Galactic Nucleus
(AGN).

1.1

Standard model of AGN

The standard model of Active Galactic Nuclei, Figure 1, provides a common framework for uniting
the various species of AGN and this model has been discussed in many reviews Ho (2008), Netzer
(2015), Hickox & Alexander (2018). It incorporates a general geometry that is broadly able to
explain the di↵erences between species such as Seyfert 1 and Seyfert 2 AGN. The model posits that
radiation generated by the accretion disk around the SMBH and the broad emission line region is
partially obscured by a dusty toroidal structure. This torus, which is made up of clouds of gas
mixed with dust, is the essential part of the standard model. Depending on the orientation of the
torus with respect to the line of sight of the observer, one will either see a Seyfert 1 or a Seyfert
2 galaxy. If the torus is tilted along the line of sight so that the opening is towards the viewer,
then the viewer will observe the spectral characteristics of a Seyfert 1, that is continuum emission
from the accretion disk as well as broad emission lines. If the torus is viewed edge on then the
view towards the nucleus will be blocked and the viewer will observe the spectral characteristics of
a Seyfert 2.

1

Figure 1: In this cartoon of the standard unified model, taken from (Urry & Padovani, 1995), the
torus is depicted as a donut shaped object, surrounding a black hole and accretion disk. Depending
on the viewers orientation with respect to the opening angle, they either observe a Seyfert 1 or
Seyfert 2 AGN. The depiction of these regions are not to scale.

2

The spectral energy distribution of the AGN extends across the entire spectrum and is the
result of multiple processes of emission. The accretion disk generates a continuum that peaks in
the optical and Ultra Violet, which has been called the ”big blue bump”. Radiation emitted by the
accretion disk is inverse Compton scattered by a hot corona, generating a hard X-Ray spectrum,
and radiation escaping outwards is reprocessed by dust absorption in the torus, which generates a
large bump in the near and mid-infrared spectrum (MIR). Relativistic jets contribute to the radio
portion of the spectrum through synchrotron processes.
Within the torus, clumps of gas photoionized by the central source lie within the gravitational
influence radius of the SMBH. This results in a large range of velocities for the gas and emission lines
from the region are typically broadened to ⇠ 1000
> 109 cm

3

10000 km s

1

. Also, the gas density is high,

, so that only permitted lines such as the Hydrogen Balmer lines have broad wings. Carl

Seyfert first identified Doppler broadened emission lines from the nucleus of extragalactic objects
(Seyfert (1943)). The unified model predicts that the broad line region, and thus the broad wings
of the emission lines, is observable depending on the opening angle of the torus and the viewers
angle with respect to the opening. The broad line region is still yet to be spatially resolved but
estimates of the size can be made from reverberation studies of the region. As reviewed by Netzer
(2015), reverberation mapping of the broad line region indicates spatial sizes of less than a parsec.
Radiation from the central source propagating outwards from the center becomes collimated by
the torus. This produces a biconical beam, which photoionizes gas extending ⇠ 1 kpc away from
the nucleus and is often called the ionization cone. The morphology of the gas ionized by the beam
is often described as fan shaped, the result of the biconical radiation beam being projected on the
plane of the sky, and some good examples can be seen in the [OIII] emission of NGC 5252, NGC
5972, and UGC 7342 as shown in Keel et al. (2015). This is not always the case though, as it can be
seen from Schmitt et al. (2003): the narrow line region can often have a more complex morphology.
This region can extend for several kilo-parsecs and in if the AGN is sufficiently luminous, gas outside
of the galaxy can be ionized. An example is Hanny’s Voorwerp, a fossil nebula outside of IC 2497,
where due to the light travel time, the gas is still responding to radiation from an AGN which has
faded, and whose bolometric luminosity is currently insufficient to produce the ionization observed
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in the Voorwerp (Lintott et al., 2009).
The ionized gas along this beam and outside of the torus constitutes the narrow line region of
the AGN. In this region, the velocity dispersion of the gas results in narrow emission lines with
widths of ⇠ 100

500 km s

1

. As it is outside the torus, the visibility of the narrow line emission

is independent of the viewers angle with respect to the torus axis. In this domain, the density of
the gas is typically below the critical density of many of the important optical transitions of low
ionization species. This leads to forbidden emission lines when the collisional excitation of ions by
free electrons is followed by a downward radiative transition before collisional de-excitation (Osterbrock & Ferland, 2006). Several strong optical forbidden emission lines from this region include
[OIII]/5007Å, [NII]/6583Å, [SII]/6716Å, and [OI]/6300Å, however permitted Balmer emission lines
are also seen.
Especially in low-luminosity AGN, contributions to photo-ionization from sources other than
the central engine, such as stars and shocks, may alter the distribution of ionizing photons. In
a Palomar magnitude limited sample of nearby galaxies reviewed by Ho (2008), ⇠ 13% of those
galaxies were found to have both active star formation and AGN activity. Another two thirds
of all AGN were found to be Low Ionization Nuclear Emission-line Region(LINERS), which also
may contain other sources of ionization. Diagnostic plots, of which several exist, utilize various
emission lines to classify the various photo-ionization sources. The most common of these is the
BPT diagram, first introduced by Baldwin et al. (1981), but adapted by Veilleux & Osterbrock
(1987) to include models to classify regions photoionized by HII regions and power law spectra.
This plot is frequently used because it takes advantage of some of the strongest observed optical
emission lines. It relies on the ratio of either the [NII], [SII], or [OI] lines to the H↵ emission line
plotted, against the ratio of the [OIII] to the H

emission line. The strength of the individual

emission lines is dependent on the ionization parameter, the density of the gas, and the spectral
shape of the ionizing source. The ionization parameter is usually defined as,

U=

4

F
,
cn

(1)

where F is the ionizing photon flux, n is the gas density, and c is the speed of light. Therefore, this
parameter represents the ratio of the number of ionizing photons to the total gas density.
Hydrogen is most efficiently ionized by photons with energies & 13.6 eV, whereas [NI] and [OII]
have ionization potentials of 14.53 eV and 35.12 eV, respectively. Hot stars produce relatively
fewer photons with energies greater than 13.6 eV so that ions such as [OIII] will be less abundant
compared to AGN, which therefore tend to produce stronger [NII], [SII], and [OIII] emission lines.
The [OI] emission line also tends to be stronger in AGN because it is produced in a partially ionized
zone beyond the ionization front of the HII region. This partially ionized zone is much smaller in
stellar photoionized gas than in AGN photoionized gas, which results in a weaker [OI] emission
line. The relative ionization of various species, dependent on the spectrum of the source, directly
determines the position of the source on the diagram. Classification methods developed by Kewley
et al. (2006) empirically define boundaries separating distinct zones occupied by HII, LINER, and
AGN populations in the various diagrams. Therefore, diagnostic diagrams are an empirical tool
that can be used to classify the various sources of photo-ionization.

1.2

Feeding and feedback mechanisms and recent IFU studies

In quasars, the brightest AGN, the process of accreting material can generate enough energy to
outshine the host galaxy. The most luminous AGN have bolometric luminosities Lbol > 1045 erg s
whereas lower luminosity AGN have luminosities, Lbol ⇠ 1042

1045 erg s

1

1

,

, where we adopt the

definition of low and high luminosity from the recent review by Hickox & Alexander (2018). A 2008
review by Ho (2008) discusses a Palomar magnitude limited survey of 486 nearby galaxies, which
found 43 % of nearby galaxies to host AGN. The Hubble type of the galaxy was also found to be
important; early type galaxies are more likely to host AGN than later type galaxies. Furthermore,
the majority of galaxies found to be active were classified as LINER type galaxies. Therefore, it
appears that in the nearby universe lower luminosity AGN are more common and a large fraction
of nearby galaxies are observed to be active to some degree.
One can estimate the accretion rate necessary to produce the observed bolometric luminosity
of an AGN as long as the observed luminosity is derived only from the emission from the central
5

engine. Contributions from other sources, such as starlight, will a↵ect the estimate, and therefore
the aperture evaluating the bolometric luminosity should only include the nucleus, however, this
will not eliminate background sources. The fueling requirements of an AGN of any luminosity is
dependent on the conversion of mass accreted to energy with some factor of efficiency. The following
equation is taken from Osterbrock & Ferland (2006),

Lbol = Ṁbol c2 ⌘,

(2)

where c is the speed of light, Mbol is the mass accretion rate, and ⌘ is the energy conversion efficiency,
often assumed to be 0.1 (Frank et al., 2002). From this, it can be shown that the accretion rate
necessary to sustain a lower luminosity AGN, of brightness ⇠ 1043 erg s
1

yr
s

1

1

, would be ⇠ 10

3

M

. Compare this to the accretion rate necessary to sustain a Quasar with luminosity 1045 erg

, which would be ⇠ 10

1

M yr

1

. Therefore, brighter AGN require a greater accretion rate to

fuel the source than lower luminosity AGN.
By some mechanism, material must be transported to the center to fuel the central engine to
generate this luminosity. In order for this to occur, the material needs to lose angular momentum. The role of asymmetric structure within the central kiloparsec such as bars and spirals has
been reviewed by Shlosman et al. (1990), Emsellem (2004), and Combes (2001). It is expected
that, through gravitational instabilities, provide one possible manner for material to shed angular
momentum and work its way towards the center. Other processes that might destabilize material
include outflows due to AGN activity as well as stellar mass loss. In the case of stellar mass loss,
the amount of mass liberated is not expected to be sufficient to be the sole mechanism by which
the most luminous AGN are powered, where fueling rates, Ṁ⇤ ⇠ 10

L

11
L

,V

M

yr

1

, are several

orders of magnitude too small compared to that necessary to generate the observed luminosity.
Therefore, a combination of fueling mechanisms are probably necessary to fuel the galaxy activity
and ultimately the growth of the black hole, but the feeding and feedback processes are still an
ongoing topic of research.
Within the central kiloparsec of galaxies, where feeding and feedback processes are expected to

6

occur due to ionizing radiation and AGN driven winds, studies of the kinematics and morphology
have been greatly assisted by integral field spectroscopy. While single slit spectroscopy allows the
observer to investigate kinematics through doppler shifting and doppler broadening of emission
and absorption lines, it falls short by limiting each observation to the field of view along the slit.
Integral field spectroscopy does not su↵er from these limitations since a spectral sample is obtained
from each point within the field of view. The advantage of spatially resolved spectroscopy is that
the resulting product, a data cube, yields information regarding emission morphology of the gas,
the radial motion of gas, and the velocity dispersion of the gas across an entire field of view. This
is especially useful when trying to identify and quantify gas inflows and outflows, as one can infer
the 2D velocity field and estimate the density and thus the rate at which mass is flowing within a
given region based on the kinematics of the region.
In several IFU studies, dust has been found to be co-spatial with kinematic features indicating
inflowing gas. In a recent study of NGC 1358, by Schnorr-Müller et al. (2017), images highlighting
structure within the nucleus indicate the nuclear spiral arms are traced by dust lanes positioned
at the center of a large scale bar. Velocity maps tracing non circular motion of the gas revealed
blueshifted and redshifted components of the spiral arms, suggesting the presence of two inflowing
arms and one outflowing. This is not an unusual finding though, as several IFU studies have shown
a correlation between inflows and dusty features in a number of low luminosity AGN, including
NGC 2110, NGC 4501, and NGC 4450, studied by Schnorr-Müller et al. (2014) and Brum et al.
(2017), where deviations from circular motion are seen to be co-spatial with dust features. In fact,
this correlation between dust spirals and AGN activity was anticipated by the findings of Simões
Lopes et al. (2007), who performed a study of matched-pair early type galaxies and found that all
active, early type galaxies had such dust structures compared to only 26% of non-active early type
galaxies. While dust might trace inflows that provide the fueling necessary to generate the observed
AGN activity, not all of the mass contributes to the growth of the SMBH.
Material that does not contribute to the growth of the SMBH probably gets driven outwards
from the center in an outflow by either radiative pressure or mechanical processes. In the case of
radiative pressure, this occurs when photons generated by the AGN force material from the nucleus
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outwards into the interstellar medium. Mechanical processes are generated when relativistic jets
drive out material from the center and, in the most extreme cases, are capable of launching material
away from the host galaxy. Outflows are observed frequently in AGN and on a large range of spatial
scales, which at the most powerful level are predicted to quench star formation in the host galaxy
by driving away reservoirs of gas (Di Matteo et al., 2005). Observational evidence for outflows
often comes from a combination of emission morphology, emission line diagnostics, and kinematics
(Wylezalek & Morganti, 2018). Outflows along the ionization cone have been found in IFU studies
of NGC 4151 and NGC 1068, which are reviewed in Storchi-Bergmann (2014). Outflows along
spiral arms have been identified in NGC 1358 (Schnorr-Müller et al., 2017), however, a compact
nuclear outflow was also found. Nuclear outflows have been identified in spectra by broadened
and blueshifted emission lines (Rodrı́guez-Ardila et al., 2006). In NGC 1386 (Lena et al., 2015),
outflows were found both along the ionization cone as well as into the plane of the torus. Integral
field spectroscopy has made it more apparent that circumnuclear gas flows and their interactions
with the host galaxy are diverse and complex.
A consistent finding of IFU studies of AGN has been that the bulk of the line emission often
traces the rotation of the galaxy disk. Exceptions to this include NGC 1358 (Schnorr-Müller et al.,
2017), where the velocity field deviates from regular rotation due to the presence of a large scale bar.
Another exception might be cases where there is an inner gas disk whose rotation axis is misaligned
with that of the galaxy, as was found in NGC 2787 (Brum et al. (2017)). Misalignment of the
rotation axis in the centers of galaxies are relatively uncommon, as a study of nearby early type
galaxies by Krajnović et al. (2011) has found ⇠ 10% of a sample of 260 galaxies to be misaligned,
and furthermore, misalignments appear to be associated with non regular rotation. In many cases
though, the emission in the central kiloparsec traces a regular rotation that can be reproduced
almost entirely with a Keplerian model.
Integral field spectroscopy has revealed many details of the centers of galaxies hosting AGN.
Still an ongoing topic of research, the nature of feeding and feedback processes is becoming more
clear with these studies.
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1.3

Project overview

As part of a larger e↵ort to study the correlation between AGN luminosity and feeding and feedback
properties, a sample of 20 nearby Seyfert galaxies were selected from the 70 Month Swift-BAT Allsky Hard X-Ray Survey Baumgartner et al. (2013). The selection criteria were, log(Lx (14-195
keV)) > 42.0, z < 0.01, and log(axial ratio) ¡ 0.5, the latter criteria being specified to ignore edge
on galaxies with highly obscured nuclei. Our specific objective is to study the kinematic properties
of gas within the central kiloparsec of two galaxies of that sample, NGC 4180 and MCG 06-30-15,
and to search for and quantify mass inflows and outflows using integral field spectroscopy.
Previous integral field studies of the central region of galaxies show that these are complex
regions both kinematically and morphologically. As discussed above, the asymmetric emission line
profiles in the nucleus of NGC 1386 (Lena et al., 2015) are a good example of the consequence of
viewing multiple kinematic components that are overlapping along the line of sight. In this case,
blueshifted and redshifted outflows, identified by greater velocity dispersions, are located parallel
to the axis of the ionization cone. The signals from these distinct components are redshifted and
blueshifted with respect to the rest frame of the galaxy, and these superimpose to create the observed
emission profile which is broad and asymmetric. A third component is also observed outflowing and
rotating in the plane of the torus and is identified by a broad base superimposed with the emission
line profile. Furthermore, in this galaxy, the emission line morphology appears to have a double
lobe shape as the result of the intersection of the ionization cone with the disk.
Other interpretational challenges exist as well. In a set of four lower luminosity AGN, Brum
et al. (2017) found evidence of misaligned rotation, regions of nuclear star formation, and photoionization from a young stellar cluster masquerading as AGN photo-ionization in a diagnostic plot.
Through parameter maps and kinematic modeling, for the di↵erent scenarios, non-circular motion
identifies the misaligned disks, and knots of emission sources outside of the nucleus indicate stellar
formation.
These challenges create problems when searching for signatures of inflows and outflows, because
it can lead to the appearance of degeneracy in the results unless care is taken. Therefore, in our
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analysis we use a combined approach of spectral modeling, section 3, kinematic analysis, section 4,
and principal component analysis, section 5, to gain multiple perspectives. We correlate features in
the resulting maps in order to extract information about the central regions of these two galaxies.
When available, the investigation of these regions is greatly aided by higher resolution optical
imagery, which assists with determining the spatial orientation of features that have been discovered.
We present the two galaxies that we have studied, below. Both were selected for their hard
X-Ray properties from the 70 Month Swift-BAT All-sky Hard X-Ray Survey Baumgartner et al.
(2013). NGC 4180 is located in the Northern sky and MCG 06-30-15 is located in the Southern
sky.
1.3.1

NGC 4180

As part of a survey of SDSS data (Ann et al., 2015), NGC 4180, shown in Figure 2, was visually
classified with an Sab morphology but the activity type is ambiguous as it as been classified as
a LINER (Gavazzi et al. (2011)) and a Seyfert 2 (Véron-Cetty & Véron, 2010). From the 70
Month Swift-BAT All-sky Hard X-Ray Survey (Baumgartner et al., 2013), it was found to have a
luminosity log L14-195 keV = 42.26 erg s

1

. Our study is the first integral field study, and indeed

the first dedicated study, of this galaxy.
We assume a distance of 43.1 Mpc to NGC 4180, derived by Tully et al. (2016), which yields
a distance scaling relation of 140 pc/arcsecond, from the NASA/IPAC Extragalactic Database
(NED).
1.3.2

MCG 06-30-15

MCG 06-30-15, shown in Figure 3, was morphologically classified as E-S0 based on a 12 µm survey
of Seyfert galaxies (Hunt et al., 1999) and its activity type has been classified as a Seyfert 1.2, from
the 70 Month Swift-BAT All-sky Hard X-Ray Survey Baumgartner et al. (2013). Also, from the
survey it was found to have a luminosity log L14-195 keV = 42.93 erg s

1

. The central region of this

object has been well studied because of the Fe K↵ line, whose broadened emission profile has been
interpreted as gravitationally redshifted emission from the inner accretion disk and has been used
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(a)

(b)

Figure 2: On the left (a) is a PANSTARRS g filter image of NGC 4180. On the right (b) is a slice
of our datacube centered on the peak of H↵ emission. The X and O indicate the locations from
which the spectra shown in Figure 5 were extracted.
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to place constraints on the mass and spin of the SMBH. Previous work has explored the nature
of the dusty warm absorber (Reynolds et al. (1997), Sako et al. (2003)) and the flux variability of
the source (Lira et al., 2015). The first integral field study of this object, performed in the H-band
and K-band and between 4200-6150 Å, discovered a kinematically distinct stellar core within the
central kiloparsec (Raimundo et al., 2013). Follow-up observations of high ionization emission lines
such as [FeII], [CaVII], and [SiVI], as well as lower ionization [OIII] and molecular hydrogen confirm
the findings of the original study (Raimundo et al., 2017). Whether they have found evidence of
ongoing AGN fueling remains inconclusive. Our study of this galaxy has observed a larger range of
the optical band than previously studied.
We assume the distance to MCG 06-30-15 to be 33.2 Mpc Wright (2006), and a distance scaling
relation of 158 pc/arcsecond from the NASA/IPAC Extragalactic Database (NED).
For both galaxies, we assume the follow cosmological constants, H0 = 70 km s
= 0.27, and ⌦

⇤

1

Mpc

1

,⌦

m

= 0.73.

We organize our paper so that in Section 2 we present our observations and data reduction
and discuss the method as we applied it for each galaxy. In Section 3, 4, and 5 we present our
spectral modeling method, kinematic modeling method, and our principal component analysis and
we discuss our application of these methods to each galaxy. In Section 6 we present our results for
NGC 4180 and our discussion of the results. In section 7 we present our results for MCG 06-30-15
and our discussion of the results. Finally, in Section 8, we present our conclusions.

2

Observations and data reduction

Our observations were performed with the integral field instruments of the Gemini North and South
facilities. The Gemini Multi Object Spectrograph Integral Field Unit (GMOS IFU) is comprised
of 500 lenslets with projected diameters of 0.2 arcseconds. Two slit modes are available, single slit
and double slit. In the single slit mode, the field of view covers 3.5 ⇥ 5 arcseconds2 . The benefits
of this mode are an increased spectral range at the compromise of the field of view coverage. This
mode was necessary to cover the range of emission lines needed to produce diagnostic diagrams
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(a)

(b)

Figure 3: On the left (a) is a Hubble Space Telescope WFC3 UVIS f547m image of MCG 06-30-15.
On the right (b) is a slice of our datacube centered on the peak of H↵ emission. The X and O
indicate the locations from which the spectra shown in Figure 5 were extracted.
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such as BPT plots and hence study the ionization properties of the gas.
Along with the science images, calibration files were produced at the time of observation with
the GCAL unit. Spectral calibration files made the with CuAr lamp and flat field images produced
with a Quartz tungsten halogen lamp were obtained nearly simultaneous with the observations.
The observation plan was to obtain four spatially dithered observations to approximately cover the
central 7 ⇥ 5 arcseconds.

2.1

Observations of NGC 4180

Observations of NGC 4180 were performed on the Gemini North telescope on the night of 2014-0325. Four science images were obtained, two to the left of the center of the object and two to the
right of the center of the object, where same side observations were slightly dithered vertically with
respect to one another. Each image was made with the B600 GMOS grating combined with the
GG455 filter and integrated for a time of 1200 s. Our observations were made in single slit mode
using the red channel and covered a wavelength range from 4600 to 7000 Å. The average seeing
was determined from the average FWHM of nearby field stars in the acquisition image and was
estimated to be 0.45 arcsec. The velocity resolution of the observations, estimated from the CuArc
calibration files is ⇠40 km s

1

.

We assembled the spectra associated with each science image into a single datacube sampled
at 0.1 arcseconds/pixel. The set of cubes were combined taking into account their di↵erent spatial
positions resulting from the dithering o↵sets. The combination was performed with the IRAF task
imcombine, resulting in a combined field of view of 6.3 ⇥ 5.8 arcseconds. A wavelength dither of
50 Å was also applied to account for a spectral o↵set to cover the chip gap.
Our fully assembled datacube contains 3654 spaxels, which sample the spectral energy of
NGC4180 from 4600-7000 Å. Within this spectral range we observe the forbidden emission lines
[OIII], [NII], [SII], and the H↵ recombination line.
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(a)

(b)

Figure 4: Examples of spectra extracted from the IFU observations of NGC 4180. The top spectrum
was taken from a spaxel at the galaxy nucleus, the bottom spectrum was taken from a location
towards the edge of the FOV where H↵ emission is narrowest. Cosmic ray strikes are indicated
with the label, CR.
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2.2

Observations of MCG 06-30-15

MCG 06-30-15 was observed with the Gemini South GMOS IFU telescope on the night of 201404-21. Four science images were obtained, two to the left of the center of the object and two to the
right of the center of the object, where same side observations were slightly dithered vertically with
one respect to another. Each image was made with the B600 GMOS grating combined with the
GG455 filter and integrated for a time of 1200 s. Our observations were made in single slit mode
using the red channel and covered a wavelength range from 4400 to 7000 Å. The average seeing
was determined from the average FWHM of nearby field stars in the acquisition image and was
estimated to be 0.57 arcsec. The velocity resolution of the observations, estimated from the CuArc
calibration files is ⇠40 km s

1

.

We assembled the spectra associated with each science image into a single datacube sampled at
0.05 arcseconds/pixel. We sampled at a higher rate than NGC 4180, which had better seeing, since
the signal to noise of the data was stronger. The set of cubes were combined taking into account
their di↵erent spatial positions resulting from the dithering o↵sets. The combination was performed
with the IRAF task imcombine, resulting in a combined field of view of 6.3 ⇥ 5.8 arcseconds. The
observations of MCG 06-30-15 were spectrally dithered so that they would cover the detector gaps
but unfortunately, the gap fell on either the [OIII] 5007 or [OIII] 4959 emission line depending on
the central wavelength of the observation. For each analysis, our workaround for this problem will
be discussed below in their respective sections.
Also, a column of defective pixels slightly redward of the stronger [OIII] 5007 emission line was
found to a↵ect the original science and calibration images from the second detector in the dataset of
MCG 06-30-15. The proximity of the column to the stronger [OIII] 5007 emission line meant that
it would a↵ect the spectral modeling and the principal component analysis. Therefore, before the
reduction of the dataset, we interpolated over the column of pixels with the IRAF routine fixpix.
Our fully assembled datacube contains 14616 spaxels which sample the spectrum of MCG 0630-15 from 4400-7000 Å. Within this spectral range we observe the forbidden emission lines [NII],
[SII], [OIII], [FeVII], [FeX], and [OI]. We also observe the H↵ and H recombination lines.
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(a)

(b)

Figure 5: Spectral samples of MCG 06-30-15. The top spectra is sampled from the nucleus and
the bottom is sampled away from the nucleus where emission is extended. Cosmic ray strikes are
indicated with the label, CR.
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2.3

Data reduction procedure

Data reduction was performed with the Gemini GMOS IRAF1 routines following the reduction
procedure outlined by Lena (2014). This cookbook divides data reduction into two major steps,
the reduction of the spectroscopic standard star for flux calibration and the reduction of the science
data. We started with the reduction of the standard star for both objects.
A spectroscopic standard star associated with each dataset is used to provide a source to calibrate
the flux distribution with wavelength. The observations of this standard source are compared to an
cataloged flux measurements in order to create a sensitivity function. The IRAF GMOS routine,
gsstandard, is used to create this sensitivity function, which is then used to flux calibrate the science
data.
The spectroscopic standard star associated with the dataset of NGC 4180 is G191B2B and we
examined the files prior to use to ensure they were usable. The standard star associated with
MCG 06-30-15 was LTT 6248 but when examining the science images of LTT 6248 we found the
images contained no data. In order to create a calibration file we selected another standard star from
the Gemini Observatory Archive so we could flux calibrate MCG 06-30-15. Our observations were
made before May 2014, which is when the Gemini South detectors were upgraded from the EEV type
detectors to the Hamamatsu type detectors, and therefore the new standard star observation needed
to be collected before this date as well. We selected LTT 3864 because of it’s similarity in altitude
with our observations, although the data was collected two years prior to our observations. Without
the ability to observe a standard star for calibrating the flux our measurements are therefore
uncertain. The reduction of the standard stars was then performed, and the final files were examined
to ensure a good reduction.
After reducing the standard star, we then reduced the datasets of NGC 4180 and MCG 0630-15. Following the steps prescribed by Lena (2014) we used the IRAF GMOS routines gfreduce,
gfresponse, gswavelength, gstransform, gscalibrate, gfcube, and imcombine. The routines call on the
calibration files associated with each image to perform the flat fielding, sky subtraction, wavelength
1 IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Association of
Universities for Research in Astronomy (AURA) under a cooperative agreement with the National Science Foundation.
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calibration, and flux calibration. The second to final step, gfcube, reassembles the extracted the
spectra into a datacube, performs binning, and also corrects for atmospheric di↵erential refraction
(ADR).
Atmospheric Di↵erential Refraction is a concern for spectroscopic observations such as IFU
observations. Light is refracted by the atmosphere as a function of its zenith position and wavelength
(Filippenko, 1982) causing objects to appear to have a spatial shift when observed at di↵erent
wavelengths. This shift must be corrected, otherwise line ratio diagnostics would be inaccurate
because the emission at one wavelength would no longer be spatially correlated with the emission
at another wavelength. When creating the final datacube of the standard star and the science
observations we use the ADC correction provided by gfcube. This results in spaxels along the
border of the image having their wave-ranges truncated but the emission lines in the final datacube
are then spatially correlated. The average air mass during the observations for NGC 4180 and
MCG 06-30-01 was ⇠ 1.27 and, ⇠ 1.25, respectively. For both galaxies, the ADR corrections were
less than the seeing, ⇠ 2

3

3 arcseconds in the vertical and horizontal directions.

Spectral modeling

We fit gaussian functions to the emission line profiles in order to decompose the kinematically
distinct components whose emission is superimposed along the line of sight. The parameters of
these profiles, line position, line width, and amplitude are used to infer the physical properties of the
gas, line of sight velocity, velocity dispersion, and flux. Each spaxel is modeled independently from
every other spaxel. Multiple gaussians are used to reproduce the spectrum when the line profiles
have broad bases or wings as the result of more than one kinematic component contributing to the
emission along the line of sight. The decomposition was performed with the IDL routine (Ri↵el,
2010), which calls the MPFIT package, (Markwardt, 2009), which in turn calls the MINPACK
algorithm (Moré, 1978) and performs a least squares regression of our model to the data. The set
of parameters of the best fitting gaussian profiles are then assembled into parameter maps of the
flux, velocity, and velocity dispersion of the gas across the field of view.
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To reduce the dimensionality of the models, we assume that the [NII], [OIII], and [OI] doublets
have a fixed radiative transition rate which ties the amplitude of the flux of the strong component to
be ⇠3 times the amplitude of the weak component (Osterbrock & Ferland, 2006). We also assume
that the narrow component of the H↵ emission is kinematically similar to the [NII] emission, and
likewise for the narrow H and [OIII] and the narrow [FeX] and [OI]. We therefore tie the velocity
and velocity dispersion of the narrow line gas components together.

3.1

Monte Carlo parameter estimation

The best estimate for the parameters of our model and the uncertainties of those estimates were
derived using a Monte Carlo bootstrap process. A distribution of one hundred realizations of the
spectrum of each spaxel were generated by replacing the flux in each wavelength bin with a value
drawn from a random gaussian distribution whose mean and sigma are the measured flux and the
uncertainty of the flux, respectively. The emission lines in each of the resulting spectra were fitted
as described above to generate a distribution of the fit parameters. For a normally distributed set
of returned parameters, the mean of the distribution is the most frequently occurring value and is
taken to be the best value of that parameter. The standard deviation of the distribution is used
to define the uncertainty in the best value. A larger spread in the distribution indicates that the
regression algorithm was less consistent in the value that it would return. Fits that returned large
errors were inspected to determine the validity of the fit and these were usually found to be caused
by low signal to noise. Alternative sources of error included cosmic ray strikes that were missed by
the rejection algorithm.

3.2

NGC4180 spectral modeling

For NGC 4180 we have modeled the [NII], [SII], and H↵ emission lines. Initially, a single component
was used to fit each emission line but the residuals indicated that a second broader component was
necessary to reproduce the line profile in some regions. Therefore, we refit each emission line with
two gaussian profiles, one component to fit a narrow core and a second to fit a broader base that
is blueshifted with respect to the core. Figure 4 shows a complete nuclear spectrum of NGC 4180
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and in Figure 7 we show our two component fits to the [NII] and H↵ emission lines. Away from the
nucleus, the signal of the broader component weakened and the inclusion of a second component
became unnecessary. We therefore used only a single component in our model to fit the spectra in
these regions. The parameter maps in Figure 10 were constructed by combining the results of the
single and two component fits. In Figure 6, we show a map of where a single component fit was
used and where a two component fit was used.

3.3

MCG 06-30-15 spectral modeling

For MCG 06-30-15, the [NII], [SII], [OI], and [OIII] forbidden lines were reproducible with a single
gaussian. In the case of [FeX] and [FeVII], we used a broad and a narrow gaussian to reproduce a
narrow core with a broadened base. For [FeX], we also used a third component to fit a blue wing.
The H↵ and H

Balmer lines were reproduced using a narrow component to reproduce emission

from the narrow line region and two broad components to fit broad line emission from the nucleus
that is unresolvable due to the point spread function of our observations.
As mentioned above, the chip gap of the detectors falls upon the [OIII] 5007 or [OIII] 4959
emission line, depending on the central wavelength of the disperser. To work around this, the
four datacubes were modeled individually rather than after assembly into a single datacube. After
parameter maps were developed for each datacube, we combined them using the errors determined
by the Monte Carlo simulation to weight the average of overlapping pixels. Flux maps of the
weaker [OIII] 4959 line were scaled by their fixed intensity ration, I5007 /I4959 ⇡ 3 from Osterbrock
& Ferland (2006), in order to match the amplitude of the stronger [OIII] 5007 line.

4

Kinematic analysis

We present our kinematic analysis of NGC 4180 below in Figures 15, and 16 and our analysis of
MCG 06-30-015 in Figures 29, 30, and 31. We discuss our interpretation of these results for NGC
4180 in section 6 and for MCG 06-30-015 in section 7. We are searching the central kiloparsec for
evidence of non-circularly moving gas which may be indicative of inflows or outflows. Therefore, we
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Figure 6: For NGC 4180, we used two gaussian components to fit the emission line profiles in the
center of the field of view, shown in orange, and we used a single gaussian component to fit the
emission line profiles at the edges of the field of view, shown in red. The two component fit was
performed in order to accommodate a broader blueshifted wing on the [NII] and H↵ emission lines,
but outside of the center, only a single component was necessary to fit the emission line profile.
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(a)

(b)

Figure 7: Fits to the H↵ and [NII] lines in nuclear (left) and o↵-nucleus (right) spectra, of NGC
4180, extracted from the same spaxels as in Figure 4. The blue lines at the edges of the spectral
window show the regions used for continuum subtraction. Two gaussian components are used to
model the lines in the nuclear spectrum (left panel; red and blue dashed lines, respectively) and a
single component is used to model the lines in the o↵ nuclear spectrum (right panel; red solid line).
The overall fit to the data is the red curve. The fit residuals are shown in the lower panels.
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(a)

(b)

Figure 8: Fits to the H↵ and [NII] lines in nuclear (left) and o↵-nucleus (right) spectra, of MCG 0630-015, extracted from the same spaxels as in Figure 5. The blue lines at the edges of the spectral
window show the regions used for continuum subtraction. Two gaussian components are used to
model the broad emission lines in the on-nucleus and o↵-nucleus spectrum (blue dot dashed and
yellow dotted lines) and a single component is used to model the narrow line emission (dashed green
lines). The overall fit to the data is the red curve. The fit residuals are shown in the lower panels.
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generate a model of our velocity field assuming circular motion and subtract it from our observation
and inspect the residuals. We also generate velocity channel maps of the datacube in order to
correlate residuals with their emission.

4.1

Kinematic modeling

Deviations from the circular motion within the velocity field of the main body of gas may indicate
gas inflows or outflows. We use the least squares regression algorithm, MPFIT2DFUN (Markwardt,
2009), to fit a model of circular motion to the velocity field we derived from the spectral modeling.
Subtracting the best fit model from our velocity field allows us to identify non circularly moving gas
through the residuals velocity. We use the model described by the equation (Bertola et al. (1991),
van der Kruit & Allen (1978)),

vmod (r, ) = vsys +

2

{r2 [sin (

p
Ar cos(
0 ) sin ✓ cos ✓
.
2
2
2
2
p/2
0 ) + cos ✓ cos (
0 )] + c0 cos ✓}

(3)

The model parameters include the inclination, ✓, measured as the angle between the polar axis
and the viewer, where face-on is 0 degrees and edge-on is 90 degrees. The position angle,

, is the

angle between the line of nodes of the velocity field counter-clockwise from the Western direction.
The systemic velocity, vsys is the velocity due to the bulk motion of the galaxy. These are the
best constrained parameters, however, similar to other IFU studies of the central kiloparsec, we
find that the size of our field of view prevents us from being able to constrain the amplitude of the
rotation curve, A , the value of p, which measures how the rotation curve changes with radius at
large distances, and the value of c, which provides the radius of the rotation curve at which the
velocity field is 70% of the amplitude. We hold fixed the value of p and allow all other parameters
to vary, but we test the dependence of our models on the selected p value by changing it from 1 to
1.5, where a value of 1 would indicate an asymptotically flat rotation curve and higher values would
cause the rotation curve to decrease at greater radii. In Figure 9 two rotation curves are plotted
with an identical parameter set except for their p values and their amplitude. Within our field of
view, shown by the vertical dashed line, the rotation curves show no di↵erence from one another.
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Indeed, in our models, we see that changing these values has very little e↵ect on the parameter
values that are recovered by the fit after the convergence.
To test the robustness of the parameter set recovered, we repeat the fitting process five hundred
times, each time randomly varying our initial guesses within a defined range of values. We take the
average of the set of returned parameters to define the characteristics of the model.
4.1.1

NGC 4180 kinematic models

Towards the North in the field of view, a noticeable asymmetry of the velocity field appears to
imply non circular motion in this region. To avoid fitting this region with our modeling algorithm,
which assumes regular circular motion, we make an initial model and use the residuals of this to
define a mask, so that the second model that we fit does not consider this region. This way we
model only the circularly moving gas.
4.1.2

MCG 06-30-15 kinematic models

The combination of the counter rotating core described by Raimundo et al. (2017) and the disk
of the main galaxy would present challenges to our modeling algorithm since they assume circular
motion. Therefore, we model a subregion of the [OIII] and the [NII] velocity fields, ⇠1.5 arcseconds
in radius centered on the nucleus. This region was selected after modeling the entire field of view
and then searching the residuals to find a subregion that excluded the larger scale velocity field,
therefore allowing us to only model the gas in the counter rotating core. We use the parameter set
of the model of this subset region to generate a model for the entire field of view and subtract that
model to get the residuals.

4.2

Velocity channel mapping

We create velocity channel maps to examine the distribution of the gas emission at velocity o↵sets
by binning the datacube at discrete velocity intervals along the spectral axis. We use the [OIII]
and [NII] emission profiles as representative of the morphology of the ionized gas that is spatially
resolved within our field of view.
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Figure 9: Rotation curves computed using equation 3, with A = 130, = 13, 0 = 13, ✓ = 60.57,
and c0 = 2.24. The solid curve and the dotted curve distinguish between the two di↵erent models
of rotation curves, where the model shown as the solid curve curve has a p value of 1 and the
model shown as the dotted curve has a p value of 1.5. The vertical dashed line represents the
maximum distance the edge of our field of view lies from the nucleus. Due to our limited field of
view, constraining the parameters of the kinematic models becomes difficult due degeneracy.
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When considering the [NII] forbidden lines, we avoid including flux contribution from the nearby
H↵ emission line by mapping only the blue side of the weaker [NII] 6548 line and the red side of the
stronger [NII] 6584 emission line. We assume that the physical processes that a↵ect the line profile
of the stronger [NII] 6584 line will similarly a↵ect the profile of the weak emission line. We therefore
only consider the redward side of the peak of the stronger [NII] 6584 line and the blueward side of
the peak of the weaker [NII] 6548 emission line in each spectrum. To correct for the di↵erences in
amplitude between the two emission lines, at each spaxel we scale the weak emission line by the
fixed intensity ratio, I6584 /I6548 ⇡ 3 from Osterbrock & Ferland (2006).
For the [OIII] emission lines, we do not need to do this, because there are no contributions from
nearby emission lines. Therefore we only consider the gas emission from the stronger [OIII] 5007
emission line.
4.2.1

NGC 4180 velocity channel maps

We create velocity channel maps of the [NII] emission lines binning the datacube along the spectral
axis in 50 km s
1000 km s

1

1

intervals on either side of the rest wavelength of the emission line for a range of

. Although we could detect the [OIII] emission line, due to the signal to noise of the

line, the spatial extent of the emission is severely reduced in comparison to the [NII]. Therefore, we
only analyzed the stronger [NII] 6584 emission line.
4.2.2

MCG 06-30-15 velocity channel maps

We create velocity channel maps of the [NII] and [OIII] emission lines, binning the datacube along
the spectral axis in 50 km s
for a range of 1000 km s

1

1

intervals on either side of the rest wavelength of the emission line

.

The [NII] 6584 and [NII] 6548 emission lines are blended with the broad component of the H↵
emission. Therefore, any wavelength bin including the [NII] emission lines would also include the
broad emission component of H↵. Velocity channel maps of this emission line show little spatial
variance with the velocity o↵set. In comparison with the [NII] emission line, the [OIII] emission
line is uncontaminated by nearby emission lines. Our [OIII] velocity channel maps only include
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the stronger of the emission line pair because of the deficiencies of our observations whereby the
chip gap alternates between falling on the strong and weaker [OIII] 4959 lines depending on the
central wavelength. Our velocity channel maps are then derived from a datacube built with the two
observations that have a central wavelength of 5000 Å. This prevents false values in the velocity
map that is attributable to the chip gap interfering with the emission line.

5

Principle component analysis (PCA)

We use PCA to identify correlated variations in the spectral and spatial dimensions of the datacube
following the method outlined by Steiner et al. (2009). The analysis is performed by determining the
eigenvectors and corresponding eigenvalues of the covariance matrix of the datacube. The largest
eigenvalue identifies the eigenvector of the principle component. This eigenvector is the axis of
greatest variance within the dataset. The subsequent eigenvectors are independent of one another
and represent axes of smaller variance, which may span the spectral and spatial dimensions. To
apply PCA to our datacubes, we use the publicly available IDL code and pipeline developed by
Steiner et al. (2009).
As recommended, we perform the atmospheric dispersion correction of the individual datacubes
and trim the regions of each cube where the correction has reduced the spectral dimension. Trimming these edges helps reduce the chance of falsely identifying correlations along the edges where
the correction algorithm has created non-real features. Since our data reduction process has already performed an ADC correction we only trim the edges of the individual cube and combine
them using the IRAF procedure imcombine. It is then recommended to perform a deconvolution,
in order to correct for the seeing, so that features in the datacube that are less than the size of
the seeing get blurred over an area the size of the seeing. We perform this using the procedure,
Lucy deconvolution plus.pro, which uses a Lucy Richardson algorithm to convolve our datacube
with a gaussian PSF with a fixed FWHM.
The datacube is then reformed into two dimensions, with spaxels organized into rows according
to their spatial position and columns according to their spectral position. The covariance matrix
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of the dataset in this form is then computed and the eigenvectors and eigenvalues of the covariance
matrix represent the basis of a new uncorrelated coordinate system, where the first eigenvector
associated with the first eigenvalue represents the axis with the greatest fraction of variance. Each
eigenvector is a function of wavelength and is referred to as an eigenspectrum. Within the eigenspectrum, the peaks and troughs of negative and positive values indicate anti-correlated features,
whereas multiple peaks at di↵erent wavelengths indicate correlated values at di↵erent wavelengths.
By multiplying the matrix of the eigenvectors by the matrix of the reformed datacube a new matrix can then be sampled in slices that vary by eigenvalue, which are referred to as tomographs.
Each tomograph contains a spatial mapping of positive and negative values of spatially correlated
and anticorrelated features that correspond to the positive and negative values in the eigenspectra.
Together, tomographs and eigenspectra can be evaluated to identify spectral and spatial correlations. We use the procedure pca tomography plus.pro to determine the eigenvalues, eigenspectra,
and eigenvalues, and to create the tomographs.

5.1

NGC 4180 principle component analysis

After trimming our individual datacube of the edges where the atmospheric dispersion correction
a↵ects the FOV, we combine them and then deconvolve the final datacube with a single gaussian
with FWHM equivalent to our seeing of 0.45 arseconds. Our principle component analysis was
then performed over the spectral regime containing the [NII] doublet and the H↵ emission lines.
A principle component analysis of the [OIII] emission line was not performed due to low signal to
noise.

5.2

MCG 06-30-15 principle component analysis

Initially we binned our datacube for MCG 06-30-15 at 0.05 arcseconds/pixel, but this results in
a gap in the spatial coverage after we trim the ADC a↵ected regions and combine the individual
datacubes. Therefore, we spatially rebin our new datacube to 0.1 arcseconds/pixel and trim the
individual datacubes of the edges where the atmospheric dispersion correction a↵ects the FOV.
These frames are then combined and the final datacube is deconvolved with a single gaussian with
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FWHM equivalent to our seeing of 0.57 arseconds. Our principle component analysis was then
separately performed over the spectral regime containing the [NII] doublet and the H↵ emission
lines and then the regime containing the [OIII] doublet and the H

emission line. For the [OIII]

region, as with the velocity channel mapping, we used a datacube that contained only the stronger
[OIII] 5007 emission line. This is to prevent e↵ects from the chip gap from interfering with the
analysis of the stronger [OIII] 5007 emission line.

6

NGC 4180

Here we present the results of our analysis of the central kiloparsec of NGC 4180. We follow this
with a discussion of our interpretations of the derived data products. We assume the systemic
velocity of NGC 4180 is 2068 km s

1

, which we derive from our kinematic modeling discussed in

section 6.1.2. Furthermore, we center our following figures on the center of the field of view and
not at the center of the peak flux emission.

6.1

Results

6.1.1

Parameter maps

We have assembled emission line flux, velocity, and velocity dispersion maps of NGC 4180 that
trace the broad and the narrow components of the gaussian fit to the emission line profiles. In
Figure 10 we present the maps based on the narrow component and in Figure 11 we present the
corresponding maps for the broad component. The maps are sampled with an aperture that is 0.5
arcseconds in diameter.
Figure 10(a) is the map of the flux of the narrow component of H↵. The peak of the H↵ flux
is o↵set from the center of the field and corresponds to the continuum of the nucleus. The flux
decreases away from the center and peaks again towards the East and West edges of the field of view
creating a partial ring of emission with radius ⇠ 2
7.6±0.6⇥10
cm

2
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erg s
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cm

2

3 arcseconds. In the nucleus, the flux peaks at

and the average of the flux centered on the peak is ⇠ 6⇥10
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erg s

. At the East corner of the field of view, the flux in the emission ring peaks at 5.4 ± 0.9 ⇥ 10
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Figure 10(b) is the map of the flux of the narrow component of [NII] 6584. The greatest flux is
in the center of the field of view with a peak value of 7.1 ± 0.6 ⇥ 10
corner of the field, the flux increases to ⇠ 2.0 ⇥ 10
the flux increases to ⇠ 1.4 ⇥ 10
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Figure 10(c) is the map of the velocity dispersion of the narrow component of [NII] 6584. In
this map, we see the velocity dispersion increases towards the center from the East corner of the
field of view and the West corner of the field of view in projection. The velocity dispersion is
greatest extending from the South corner to the North corner of the field of view. The region of
greatest velocity dispersion is co-spatial with the central flux peak and is surrounded by a region of
lower velocity, corresponding with the ring of emission previously discussed. Along the elongation,
the velocity dispersion varies between 70-100 km s

1

with greater values of dispersion towards the

center of the path, and lower values along the edges near the corners of the field.
Figure 10(d) is the parameter map of the radial velocity of the narrow component of [NII].
The velocity field is generally consistent with gas rotating about an axis where the gradient of the
velocity field is along the North/South axis and the gas is rotating counter-clockwise about an axis
pointed to the West corner of the field of view. Slight deviations from regular motion are apparent
in the redshifted half of the field in the North corner. This deviation in velocity increases along a
path that is co-spatial with path of greater velocity dispersion, mentioned above.
Figure 11(a) is the map of the flux of the broad component of the H↵ emission line profile. The
peak of the flux is o↵set from the center of the field of view, spatially consistent with the peak of
the flux in the narrow component, and then it falls o↵ rapidly. Emission is concentrated within
an area with a radius of ⇠2.5 arcseconds in radius and has a peak value of 3.1 ± 0.1 ⇥ 10
s

1

cm

2

17

erg

. The emission of this broad component is confined only to the center of the field of view

and is not associated with the emission from the ring that was found in the narrow component flux
maps.
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(a)

(b)

(c)

(d)

Figure 10: Flux, velocity, and velocity dispersion maps of the emission lines in NGC 4180. Clockwise
from top left, (a) H↵ flux, (b) [NII] flux, (c) [NII] velocity dispersion, and (d) [NII] velocity. The
[NII] and H↵ flux show sources of emission within the nucleus and along the edges of the field
of view. The velocity dispersion map shows a band of increased velocity dispersion running from
North to South in the field of view, but the velocity map indicates the ionized gas is dominated by
regular rotation.
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Figure 11(b) is the map of the flux of the broad component of [NII]. Similar to the H↵ flux, the
peak of the [NII] flux is o↵set from the center, is spatially consistent with the peak of the flux in
the narrow component, and falls o↵ rapidly. The emission extends slightly further than the range
of H↵, but remains concentrated within the center of the field of view and is not associated with
the emission from the ring. The flux peaks at a value of 18.4 ± 0.4 ⇥ 10

17

erg s

1

cm

2

.

Figure 11(c) is the map of the velocity dispersion of the broad component of [NII]. The region
of greatest velocity dispersion is o↵set towards the West from the center of the greatest, broad
[NII] flux and the continuum peak, by ⇠1.0 arcsecond. The velocity dispersion reaches a maximum
value of 415.6 ± 25.3 km s

1

. Away from the peak, the dispersion decreases smoothly towards the

East corner of the field and appears to increase again 2.3 arcseconds away from the highest peak.
Towards the South, West, and North corners, the velocity dispersion rapidly falls o↵.
Figure 11(d) is the map of the radial velocity of the broad component of [NII]. Co-spatial to the
region of greatest velocity dispersion, and o↵set from the region of greatest broad [NII] flux, the
peak values of the velocity field are around 158.0 ± 21.5 km s

1

. Overall, the velocity is blueshifted

with respect to the systemic velocity of the gas. Towards the East corner, the velocity decreases in
magnitude and approaches the systemic velocity of the gas.
Diagnostic plots such as the BPT diagram, (Baldwin et al., 1981), utilize the relative strengths
of the [OIII] and the H emission lines and the [NII] and H↵ emission lines. If the [OIII] or the H
emission line is not available other diagnostic plots then need to be used to classify the source of
emission. One alternative plot is the WHAN diagram, devised by Cid Fernandes et al. (2011), which
uses the same [NII] and H↵ ratio as the BPT plot, but along the y-axis is plotted the equivalent
width of the H↵ emission line. This separates sources that produce fewer ionizing photons in the
Retired Galaxy region, from sources such as AGN and Star forming regions, which produce a larger
number of ionizing photons. The advantage of this classification method is that it only requires
measurements of the [NII] and H↵ emission lines.
Our observations were unable to detect the H

emission line and therefore we implement the

WHAN diagram to classify the emission in the field of view. A WHAN plot derived from the narrow
component line fits are shown in Figure 13. We have plotted the diagrams slicing the data into
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(a)

(b)

(c)

(d)

Figure 11: Parameter maps of the broad component of our model of the spectra of NGC 4180.
Clockwise from top left, (a) H↵ flux, (b) [NII] flux, (c) [NII] velocity dispersion, and (d) [NII]
velocity. We note that the peak of the velocity dispersion is o↵set from the peak of the [NII] and
H↵ flux, and that the gas is predominantly blueshifted.
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Figure 12: Our WHAN plots of NGC 4180 are organized by annuli of fixed width that increase in
distance from the nucleus. Progressing outwards, and centered at (0,0), we have annulus 1, annulus
2, annulus 3, and annulus 4.
annuli that increase in radius outwards from the center of the field where the peak of the flux occurs.
Figure 12 shows a schematic of the annuli and are numbered according to their associated WHAN
plot. The position of the points in the WHAN plot are used to determine the ionizing mechanism.
Points in 13 (a) fall below the AGN and Star forming regions and into the Retired Galaxies region,
where the ionization of gas is attributed to an evolved stellar population. There is a bow shape
formed by the points, with points falling beneath the bow. In 13 (b), this bow increases in size,
more points contribute to the population below the bow, and a branch begins to form that extends
into the Weak AGN activity region. By 13(c), the bow is gone and a tight trend of points is formed
along the afore mentioned branch, which now extends into the Seyfert region and touches the edge
of the Star formation region. In 13(d), the branch has diminished in width and remains within the
Weak AGN, and Seyfert regions, and has almost entirely left the RG region, but has remained at
the edge of the Star formation region.
In Figure 14(a) we show the WHAN diagram of the broad emission in the first annulus. A
tightly clustered band of points extends from the weak AGN region down towards the RG region.
In Figure 14(b) the points have greater scatter and only a few are located in the weak AGN region
with the majority in the RG section.
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(a)

(b)

(c)

(d)

Figure 13: The WHAN plots of the narrow component of NGC 4180 corresponding to the annuli
in Figure 12 are (a) annulus 1, (b) annulus 2, (c) annulus 3, and (d) annulus 4. Points in the plot
indicate the gas in the nucleus is photoionized by a di↵erent ionization mechanism than gas at the
edge of the field of view.
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(a)

(b)

Figure 14: The broad component of the gas of NGC 4180 shows ionization by a di↵erent mechanism
than the narrow component. From left to right is the annulus 1 and annulus 2. Points in this plot
indicate that gas associated with the outflow is photoionized by an AGN.
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Table 1: NGC 4180 [NII] kinematic model parameters.
A [km/s]
Vsys [km/s]
Initial guesses
[100-300]
[1800-2200]
Parameter values returned
123
2068
189
2068

(a)

0 [deg]

c[arcsec]

✓[deg]

p

[ 40- 20]

[0-10]

[50-80]

Held fixed

86
86

1.3
2.0

61
59

1.000
1.250

(b)

(c)

Figure 15: From the left, (a) is the observed velocity field of the narrow component, (b) is the
model of the velocity field, and (c) is the residuals of our model of the observed velocity field of
NGC 4180. In the residuals, we see a band of redshifted velocities extending North to South across
the field of view and West of the Nucleus.
6.1.2

Kinematic models

In Figure 15 we present our kinematic models of the narrow component of [NII] of NGC 4180.
Figure (a) is the same narrow component velocity map as that presented above in Figure 10 (d).
The rotation model fitted to the observed velocity map is presented in Figure (b) and the parameters
of this model are presented in table 1. Here, we present the models with p parameter values of
1.0 and 1.25, but as mentioned above, because the field of view covers only the central kiloparsec
this value is poorly constrained and changing it only a↵ects the amplitude of the rotation curve. In
Figure (c) we present a map of the residuals which was obtained by subtracting the velocity field
model from the observed velocity field. The main feature is a band of positive residuals extending
from the South corner of the field to the North corner. The values peak in the North corner at ⇠50
km s

1

. Away from this band, the residuals become negligible.
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6.1.3

Velocity channel maps

We present our velocity channel maps of the [NII] gas in Figure 16. In these maps we have adjusted
the contrast to emphasize faint emission that is extending away from the nucleus. The maps cover
a range from -500 to +500 km s

1

in intervals of 50 km s

top to bottom starting at -500 km s

1

1

and are organized from left to right,

.

In the channel corresponding to the rest frame of the galaxy’s, where the systemic velocity has
been subtracted, Figure 16 (k), two obvious emission features are noticeable, the first corresponds to
the nucleus and the second corresponds to emission from the ring described in the narrow component
velocity map. The nuclear emission spans the entire velocity range. On the other hand, the only
other channel that the ring component is noticeable in is the +50 km s

1

channel, suggesting that

the emission is confined to a narrow range in velocity.
In the North corner, an emission feature appears starting in channel +50 km s
until channel +250 km s

1

1

and is present

. The emission is co-spatial with the residual velocity previously identified

in Figure 15 (c) and appears to show that the gas is approaching the viewer in the SouthWest and
is receding from the viewer in the North.
6.1.4

Principal components analysis

In Figure 18 we present tomographs of the [NII] and H↵ emission lines, and the associated eigenspectra of these tomographs are shown in Figure 17. Here, we only include the first four eigenvalues,
as the eigenspectra and tomographs of subsequent values become dominated by cosmic rays and
noise.
Figure 17(a) is the first eigenspectrum and it displays the [NII] and H↵ narrow emission lines.
The stronger [NII] 6584 line is the dominant line in the spectrum. Their negative values indicate
correlation between [NII] and H↵ emission, and the tomograph in Figure 18(a) confirms that this
correlated emission is co-spatial with the center of the field and presumably the nucleus. We note
that the peak of the stronger [NII] 6584 line is at ⇠6629 Å in this eigenspectrum, corresponding
to a velocity of 2050 km s

1

, which is slightly blueshifted with respect to our derived systemic

velocity.
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(a) -500 km s

1

(b) -450 km s

1

(c) -400 km s

1

(d) -350 km s

1

(e) -300 km s

1

(f) -250 km s

1

(g) -200 km s

1

(h) -150 km s

1

(i) -100 km s

1

(l) +50 km s

1

(j) -50 km s

1

(k) 00 km s

1

Figure 16: Velocity channel maps of [NII] emission in NGC 4180. The velocity channel maps
are organized from blueshifted components first to the redshifted components last. Each image
represents a 50 km s?1 wide slice of the line emission. We see redshifted emission extending from
North to South in the field of view between the rest channel and ⇠ +200 km s 1 .
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Figure 16: (cont.)
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Figure 17(b) is the second eigenspectrum and in it the stronger [NII] 6584 emission line is about
one third the strength of the H↵ emission line. Negative values dominate the spectra, but to the
redshifted side of each line is a positive emission line. The tomograph in Figure 18(b) reveals
negative values in the corner of the field and center and positive values in the North corner of the
field. Compared to the first eigenspectrum, the lines are also much narrower. The peak of the
stronger [NII] 6584 emission line is at about ⇠6632 Å which is redshifted in comparison with the
first eigenspectrum. This map appears to trace the redshifted feature in the North corner and the
strong the H↵ emission source in the East and West corners of the field, which were identified above
as part of a ring.
Figure 17(c) is the third eigenspectrum and in it, in the center of the spectrum, the blue side
of H↵ emission has a blue wing and is anti-correlated with a stronger narrow component. Similar
to the blue side of the H↵ line, the stronger [NII] 6584 emission line has positive values and a blue
wing and the position of the peak of this line is blueshifted by ⇠3 Å from the [NII] peak in the
first eigenspectra. The tomograph in Figure 18(c) reveals that the positive values of the spectra are
centrally located with slight extension towards the Southwest of the field. The strong H↵ emission
appears to correlate with negative values at the edges of the field, where previously strong H↵
emission was noticed.
Figure 17(d) is the fourth eigenspectrum and in it, it shows strong positive values on the red
side of the H↵ and [NII] emission lines, and negative values on the blue side of the lines. Tomograph
in Figure 18(d) shows strong positive values and negative values divided along the axis of rotation,
along a line extending from the East to the West. This tomograph appears to represent the main
rotation of the disk of gas. We also note bright spots in the tomograph, such as that at (0.25,2.0) arcseconds where the variance is due to cosmic ray strikes. Cosmic ray strikes are confirmed
by inspecting the datacube and identifying features that are similar to those that we find in the
tomographs.
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(a) Eigenspectrum 1

(b) Eigenspectrum 2

(c) Eigenspectrum 3

(d) Eigenspectrum 4

Figure 17: Here we show eigenspectra of the first four eigenvalues derived from principal component
analysis of NGC 4180 centered on the [NII] and H↵ emission lines. The form of Eigenspectrum 1
(a) is similar to the spectrum sampled from the nucleus, whereas Eigenspectrum 2 (b) is similar
to the spectrum sampled from the edge of the field of view, indicating that these are correlated
with the emission of gas ionized by the two separate photo-ionization mechanisms. Eigenspectrum
3 (c) traces the broad blueshifted component seen in the nucleus, which is anti-correlated with the
narrow H↵ emission. Eigenspectrum 4 (d) contains alternating peaks and troughs that correspond
to the blueshifted and redshifted emission of the gas and, in conjunction with the tomograph in
Figure 18 (d), can be used to infer the rotation of the gas.
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(a) Tomograph 1

(b) Tomograph 2

(c) Tomograph 3

(d) Tomograph 4

Figure 18: Here we show tomographs of the corresponding eigenspectra of NGC 4180 presented in
Figure 17. Tomograph 1 (a) traces the morphology of the nuclear emission, where negative values in
the center are anti-correlated with values on the edge of the field of view implying that the strength
of the nuclear emission decreases further from the center. Tomograph 2 (b) traces the emission from
the edge of the field of view, which is anti-correlated with emission from the redshifted emission
feature. Tomograph 3 (c) shows that the blueshifted feature is anti-correlated with emission from
the edge of the field of view. Tomograph 4 (d) shows the North side of the field of view is generally
anti-correlated with the South side, which in conjunction with the associated eigenspectrum, Figure
17 (d), can be used to infer the rotation of the gas.
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Table 2: Percent contribution of eigenvalue.
Eigenvector
E1
E2
E3
E4

6.2

Percent of total variance
0.9232
0.017
0.0082
0.0065

Discussion of NGC 4180

NGC 4180 was selected from the Swift BAT 70-Month Hard X-ray Survey (Baumgartner et al.,
2013) and has an X-ray luminosity of L2

10keV

8.9 ⇥ 1039 erg s

1

. To date, there have been no

specific detailed studies of this galaxy.
Figure 19 is a ’g’ filter PANSTARRS image and we have overlaid onto it, in a green box, our
field of view. Feature ’A’ in the PANSTARRS image overlays a region that is fainter relative to
the surrounding region. In the velocity channel maps, at velocities other than the rest frame, this
region is fainter relative to the rest of the field. This can be explained if the feature is a dust lane
and it is obscuring line emitting gas and stars within the interior of the galaxy. Assuming this
to be true, it would position this feature between the viewer and the galaxy interior and would
therefore be on the near side of the galaxy. One this basis, we conclude that the SouthEast side is
the nearside of the galaxy, and the NorthWest side is the farside of the galaxy. In Figure 19, we
label the dusty lane on the near side in the SouthEast ’NS’ and and the far side of the galaxy in the
NorthWest ’FS’. Assuming trailing spiral arms, and recognizing that the axis of rotation is pointed
approximately to the north west, the galaxy appears to be rotating clockwise.
Our spectral decomposition and resulting parameter maps of our field of view suggest that
within it there are several mechanisms responsible for ionization, and several distinct kinematic
components. In general, from our rotation model in Figure 15, we find the gas kinematics in our
field of view can be largely explained by circular rotation. The inclination of the kinematic axis to
the line of sight di↵ers from those listed in the Hyperleda database (Makarov et al., 2014) by ⇠ 20
degrees. Similarly, our derived principal axis (PA) di↵ers from the value listed in the Hyperleda
database by ⇠ 20 degrees as well. The di↵erence between our values and the values presented in
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Figure 19: PANSTARRS ’g’ filter image of NGC 4180 where we have labelled the Nearside and
Farside of the galaxy. The green box is aligned with our field of view, and the blue squares and
green squares identify a spiral arm in outflow and a dust lane, respectively.
the Hyperleda database suggest that the kinematics of the central kiloparsec of NGC 4180 might
be misaligned with that of the host galaxy.
We proceed with the following discussion of NGC 4180, which will be organized into three parts.
Section 6.2.1 discusses a star forming ring along the edge of the field of view, in section 6.2.2 we
discuss an outflow blueshifted towards the observer but in the West Southwest direction in the
plane of the sky, and section 6.2.3 discusses an outflowing spiral arm that crosses the field of view
from North to South.
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6.2.1

Photoionization mechanisms

From our WHAN plots of the narrow component, Figure 13, we identify multiple mechanisms
responsible for the photoionization of gas within our field. In the first two annuli, the majority of
the points fall within the RG region with a weak branch of points extending into the weak AGN
region. In the first annulus, the annulus most encompassing the nucleus, the points are located
entirely in the RG region and the majority fall along a thin horizontal branch. One possibility is
that the gas within ⇠ 150 pc of the nucleus is ionized by an evolved stellar population. In the review
by Ho (2008), the possibility of a population of evolved stars photo-ionizing gas in the centers of
low luminosity AGN, such as NGC 4180, is discredited for two reasons. The first is that in low
luminosity AGN, the morphology of the ionized gas is typically more centrally peaked, r  50

100

pc, than their stellar density profile, suggesting a more compact source. The second reason is that
the equivalent width of H↵ is expected to be ⇡ 1 Å for gas ionized by an evolved stellar source,
whereas LINERS are typically several times larger. In the case of NGC 4180, the equivalent width
is between ⇠ 1.5

2.5. Also, Cid Fernandes et al. (2011) point out that the line discriminating

weak AGN from the Retired Galaxies regime in the WHAN diagram is not very meaningful since
the position of it was empirically selected. Therefore, caution should be used in interpreting the
location of the points associated with the nucleus. Furthermore, it is important to remember that
this object was identified as an AGN based on its hard X-ray properties. It seems likely that the
narrow component in the nucleus is photoionized by an AGN, or maybe a combination of an evolved
stellar population and an AGN.
Away from the nucleus, points on the WHAN diagram fall within the Weak AGN and Seyfert
activity regions. This region is identifiable in the second tomograph and eigenspectra , Figure 18
(b) and 17 (b) by its negative values and it is inversely correlated with the region in the North
corner. We discuss the latter region below. Although the points along the edge fall within the
weak AGN and Seyfert regimes, they fall almost on top of the discriminating line between these
groupings and the region for star-formation. Even though we cannot use the BPT diagram because
of our lack of suitable emission lines, we note that the [NII]/H↵ ratios of our points that fall on
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the edge of the star-formation and weak AGN/Seyfert regimes are consistent with the HII and the
Composite regions of the BPT plot. Our parameter maps show that at East edge of the field, and
in the West corner of the field, H↵ emission is stronger relative to [NII] emission. The velocity
dispersion of the gas remains lower towards at the edge of the field in these corners than in other
regions of the field, indicating that the gas is relatively undisturbed.
Clumps of flux in the narrow component, Figure 10 (a), without associated velocity residuals,
or increased velocity dispersion indicate that this is not gas ionized by radiative shocks. The
enhanced [NII]/H↵ ratio indicates AGN ionization, however, this slight enhancement could be the
result of supernovae shocks. A similar scenario was found in NGC 4501, studied by Brum et al.
(2017), where a rise in o↵-nucleus H↵ emission and emission line properties consistent with AGN
photoionization was explained as supernovae associated with young star formation. Finally, if this
is star formation, it would be between the observer and the dusty lane discussed above, as they
occupy similar positions in map. Our rest frame velocity channel map and blue frame shifted by 50
km s

1

, where this flux is most prominent, suggests that it is moving between 0-50 km s

1

, which

is consistent with our kinematic model of the rotation of the gas. We therefore suggest that the
origin of the line emission in the ring is due to star-formation and not AGN activity and that it
lies between the observer and the dusty lane and is rotating with the main disk of the gas of the
galaxy.
Our interpretation of the photoionization mechanisms responsible for ionizing gas within the
center of NGC 4180 has made use of WHAN diagrams. The utility of the WHAN diagram is that
it only requires the [NII] and H↵ emission lines. Similar to the BPT plot, the WHAN plot uses
the [NII]/H↵ ratio to separate photoionization due to star formation from that due to AGN. As
shown in Figure 14.2 from Osterbrock & Ferland (2006), depending on the assumed metallicity of
the gas, the position of this boundary can vary. However, the BPT plot also relies on the [OIII]/H
emission line to distinguish between star formation and AGN photoionization. Relying on a single
metric to classify star formation and AGN photoionization classification of the ionization sources of
the gas along the edges of our field of view ambiguous. However, in conjunction with supplemental
information from our parameter maps and our principal component analysis, and based on the
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position of points in the WHAN diagram and their relative proximity to adjacent regions, we have
been able to infer that the gas in this region was ionized by star formation. A similar scenario was
also noticed in NGC 4501.
The WHAN plot also utilizes the equivalent width of the H↵ line to separate the Retired Galaxy
region from the Star Formation/AGN regions. A smaller equivalent width falls into the Retired
Galaxies regime, whereas a larger equivalent width indicates Star Formation/AGN. In the presence
of a secondary continuum source, the equivalent width of the H↵ emission line can be lowered,
which can lead to the gas being incorrectly classified into the RG region of the plot. From our
WHAN plots, our classification of the photoionization mechanism of the nucleus has found that the
equivalent width of the H↵ line has been lowered due to continuum emission from starlight, which
decreased the equivalent width of points causing them to be classified in the Retired Galaxies region
rather than the AGN regions. Here, we have also used supplemental information to infer that the
gas is instead photoionized by an AGN.
6.2.2

Outflow from the nucleus

The second gaussian in our spectral decomposition was necessitated by the presence of a broader
blue shifted kinematic component in our spectra that a single gaussian was unable to fit. The
parameter maps of this component, Figure 11 (d), show that it is blueshifted up to ⇠175 km s
with a velocity dispersion as great as 400 km s

1

1

, Figure 11 (c). In the redshifted pixels, further

from the nucleus where the signal of the broad component has decreased, there are large errors
associated with the estimated velocities. These can be as great as half the value measured for the
pixel and may suggest that these values are unreal. Therefore, we focus only on the blueshifted
pixels.
WHAN plots, Figure 14 (a) and (b), suggest that towards the center of the field, where the flux
of the blueshifted [NII] component is greatest, the gas is almost entirely photoionized by weak AGN
activity, and transitions towards the RG region with greater distance from the nucleus. We also
refer to the third tomograph and eigenspectra, Figure 18 (c) and 17 (c), which show the stronger
[NII] 6584 emission line has a blueshifted wing, and the peak of the line is doppler shifted towards
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the blue with respect to the peak of the emission in the first tomograph, Figure 18 (a). An outflow
from the nucleus can explain the presence of this component.
We can estimate the rate of mass outflowing from the nucleus by adopting a method similar
to that used by Schnorr-Müller et al. (2017) to estimate the inflow of material into the nucleus of
NGC 1358. To do this, we assume that the gas outflow can be approximated as cylindrical and is
moving at a steady velocity with constant density. We estimate the outflow rate with the following
equation,

Ṁobs =

mp vLH↵
,
JH↵ ne l

(4)

where mp is the mass of a proton, l is the length of our cylinder, which is the distance from the
nucleus and is assumed to be 154 pc, and v is the velocity of the gas in the field and is assumed to
be 140 km s

1

. JH↵ is the e↵ective recombination rate of H↵ multiplied by the energy of the H↵

photon, for which we assume the value from Osterbrock & Ferland (2006), 3.534 ⇥ 10
s

1

25

erg cm

3

. Assuming the distance to the galaxy is 43.1 Mpc, from Tully et al. (2016), the H↵ luminosity,

LH↵ , is derived from the flux parameter maps at the same distance that we estimate the velocity
of the gas and is found to be ⇠ 2.8 ⇥ 1036 erg s

1

. We discuss this equation below in section 7.2.5,

discussing inflows in MCG 06-30-15. Since the gas in NGC 4180 is assumed to be co-planar with
the disk of the main galaxy, we correct the inflow velocity of the gas with the inclination angle
derived from the kinematic modeling. The outflow rate is found to be ⇠ 4 ⇥ 10

5

M

yr

1

.

We can compare the outflow rate of mass from the nucleus to the estimated mass rate required to
power the central engine of NGC 4180 by estimating the bolometric luminosity. From the SWIFT
BAT 70 Month Hard X-ray survey (Baumgartner et al., 2013) we assume the luminosity in the
energy band 14-195 keV to be, L14-195 keV = 1042.26 erg s

1

. From this we estimate the bolometric

luminosity from the bolometric correction in Ichikawa et al. (2017), and find it to be Lbol = 1043.3
erg s

1

. The mass rate necessary to power the AGN can be determined from the following equation,

Ṁbol =

51

Lbol
,
c2 ⌘

(5)

Figure 20: The configuration of kinematic components of NGC 4180 consists of a disk for the main
galaxy (the blue disk), and an outflow (the red wire grid), from the nucleus. This model was
designed using Shape software (Ste↵en et al., 2011).
where c is the speed of light and ⌘ is the mass-radiation conversion efficiency, typically assumed to
be 0.1. We estimate the mass rate necessary to fuel the AGN to be ⇠ 3.7 ⇥ 10

3

M

yr

1

.

In Figure 20 we have created a geometric model of the main disk and the outflow of NGC 4180.
From the map of the velocity field, we infer that the outflow is aligned approximately perpendicular
to the main galaxy disk. We also assume a half opening angle of ⇠ 45 . Although, due to poor
coverage, it is difficult to determine the exact orientation and opening angle of the outflow.
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6.2.3

Redshifted residuals

In the narrow component velocity map, Figure 10 (d), an asymmetry is slightly visible in the
redshifted area of the map that extends from the North corner of the field to the center. Velocity
channel maps in Figure 16 show an extended emission feature that is present in the velocity bins
redshifted from 0-200 km s

1

. Residuals of our kinematic modeling process, presented in Figure

15 (c), demonstrate that this feature is moving non circularly with respect to the main disk of gas
with velocities as large as ⇠40 km s

1

but more typically approximately ⇠20 km s

1

. The residuals

maps also reveals residuals in the Southwest of the field which are consistent in magnitude with the
previously described velocity residuals. The residual in the Southwest of the field, extending from
the center, appear to correspond to features visible in velocity channel maps between 50 km s
-150 km s

1

1

to

. In Figure 10 (c) a path of consistent velocity dispersion values extends from the East

corner of the field of view to the Southwest and is co-spatial with the residuals of Figure 15 (c).
In PANSTARRS imagery of NGC 4180 overlaid with our field of view, 19, we notice increased
flux originating away from our field of view but extending through the North corner, passing through
the field slightly to the West of the nucleus, and than exiting the field through the South West of
the field of view. We have marked this feature with blue squares and have labelled it with the
letter B. This feature is approximately co-spatial with the velocity residuals, which also match the
elongated region of high velocity dispersion.
Based on the velocity residuals, velocity dispersion map and velocity channel maps, we propose
that there is a kinematically distinct component of gas and infer it to be moving behind the
nucleus, based on the curvature of the arm, feature ’B’ in the PANSTARRS image, that appears to
be associated with it. In the WHAN plots of Figure 21, we focus only on the North quadrant of the
field of view. We have seen in Figure 21 (c) and (d), that points corresponding to this feature lie
in the weak AGN region. However, based on our above discussion, their position is ambiguous and
these points may indicate star-formation as an ionization mechanism. This would be consistent
with our conclusion that there is star formation occurring within our field of view. However, it
may be that the WHAN plot has classified this feature correctly and it is AGN photoionized and
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that the North corner of our field of view has an unobstructed view to the central engine. This
redshifted feature is a structure of the host galaxy, which we interpret as an outflowing spiral arm.
A similar outflow along a spiral arm was observed in NGC 1358, studied by Schnorr-Müller et al.
(2017), which was suggested to be due to gas that had retained its angular momentum through
infall, passed by the nucleus, and is now outflowing. This appears to be analogous to what we
observe in NGC 4180.

7

MCG 06-30-15

Here we present the results of our analysis of the central kiloparsec of MCG 06-30-15. We follow
this with a discussion of our interpretations of the derived data products. We assume the systemic
velocity of MCG 06-30-15 is 2374 km s

1

with regards to the gas, except for the H and [OIII] gas.

We assume the systemic velocity of 2388 km s

1

with regards to the H and [OIII] gas. We derive

these values from our kinematic modeling of their respective velocity fields, discussed in section 29.
Furthermore, we center our following Figures on the center of the field of view and not at the center
of the peak flux emission.

7.1
7.1.1

Results
Parameter maps

Flux, velocity, and velocity dispersion maps of MCG 06-30-15 were assembled from the results of
emission line fits. We present these maps for the H↵ and [NII] lines in Figure 22 and the H and
[OIII] lines in Figure 23. The maps are sampled with an aperture that is 0.5 arcseconds in diameter.
In these maps, we see that in the nucleus there is a central flux peak with a radius of ⇠ 1
arcsecond, which is o↵set in our field of view, but still coincides with the peak of continuum
emission. The nucleus also appears to be partially resolved. We also see lobes of faint emission
extending from either side of the nucleus, towards the Northwest and the Southeast, respectively.
The lobes appear to be asymmetric, as the Northwest side brighter and less extended. Due to the
weakness of the line, the H emission appears less extended.
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(a)

(b)

(c)

(d)

Figure 21: Here we select only the bottom right quadrant of the field of view of NGC 4180, where
the redshifted residuals are present, and use these points to create WHAN plots. The WHAN plots
correspond to the annuli in Figure 12 and are (a) annulus 1, (b) annulus 2, (c) annulus 3, and (d)
annulus 4.
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(a)

(b)

(c)

(d)

Figure 22: Parameter maps of the narrow components of our model of the spectra of MCG 06-3015. Clockwise from top left, (a) H↵ flux, (b) [NII] flux, (c) [NII] velocity dispersion , and (d) [NII]
velocity. The H↵ and [NII] flux maps, (a) and (b) respectively, show extended emission Northwest
to East. The velocity dispersion map (c) contains a partial ring of increased velocity dispersion.
The velocity field is dominated by regular motion with the exception of an slight deviation in the
Northwest.
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(a)

(b)

(c)

(d)

Figure 23: Parameter maps of the narrow components of our model of the spectra of MCG 06-3015. Clockwise from top left, (a) H flux, (b) [OIII] flux, (c) [OIII] velocity dispersion, and (d) [OIII]
velocity. Similar to H↵ and [NII] flux maps, the H and [OIII] flux maps, (a) and (b) respectively,
show extended emission Northwest to East. The velocity dispersion map (c) contains a partial
ring of increased velocity dispersion. The velocity field is dominated by regular motion with the
exception of a deviation deviation in the Northwest.
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Within the nucleus of the field, the peak of the flux of [NII] emission within the center of the
field of view is ⇠ 50⇥10
erg s

1

cm

2

17

erg s

1

, and H is ⇠ 19 ⇥ 10

cm
17

2

, H↵ is ⇠ 180⇥10

erg s

1

cm

2

17

erg s

1

cm

2

, [OIII] is ⇠ 200⇥10

17

. Due to a weaker signal, the coverage of the H

line is less than that of the other emission lines and is only visible between -0.5 and 1.5 arcseconds
on the y-axis, and between -2 and 2 arcseconds on the x-axis. This coverage is common to the
regions of extended emission of the [OIII] map where the flux is greater than ⇠ 8 ⇥ 10
cm

2

17

erg s

1

. The coverage is also co-spatial with extended emission in the [NII] and H↵ emission maps.

The velocity dispersion maps, Figures 22 (c) and 23 (c), show similar morphology for both [NII]
and [OIII]. Although similar in magnitude in the nucleus, ⇠ 75 km s

1

, away from the nucleus the

velocity dispersion is generally higher in the [OIII] maps than the [NII]. To the Northwest of the
nucleus, at ⇠
s

1

2.5, 0.5 arcseconds, a region where the velocity dispersion increases to

100 km

is noticeable in both maps. The region of increased velocity dispersion coincides with the end

of the Northwest lobe of emission. Across the bottom of the field in the [OIII] map are patches of
elevated velocity dispersion, ⇠ 100 km s
in magnitude, ⇠ 85 km s

1

1

. These are also visible in the [NII] map but are smaller

.

The velocity maps, Figures 22 (d) and 23 (d), indicate that the velocity field in both [NII] and
[OIII] is dominated by rotation about an axis oriented Northeast to Southwest. On the Western,
blueshifted, side of the field there is a region, most apparent in [OIII], but also present in [NII]
where the velocities are locally redshifted with respect to the general blueshifted velocities. This
region is co-spatial with the enhancement in velocity dispersion.
We also fit the profiles of the of the H↵ and H emission lines with two gaussians to reconstruct
the broad wings. These are shown by the blue dot dashed and yellow dotted lines in Figure 8. The
width of the broad components were held fixed, allowing only the line position and the amplitude
to vary. We list our measurements of the broad components in table 3.
We also explored the kinematics of the coronal [FeVII] and [FeX] emission lines. For the [FeVII]
and [FeX] we have used one gaussian to reproduce the broad and narrow components, but we fit
an additional component to the blue side of [FeX] narrow component in order to accommodate an
asymmetric profile. We therefore use three components to model the FeX coronal emission line, one
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Table 3: Characteristic values of the H↵ and H broad components.
Emission line
H↵ first component
H↵ second component
H first component
H second component

Velocity km s

1

Velocity
km s 1
594
1053
640
1134

90 ± 0.45
90 ± 0.5
109 ± 6
109 ± 6

dispersion

Flux ⇥10 17 erg s
cm 2
1600 ± 0.98
945 ± 0.62
150 ± 1.11
88 ± 0.65

1

Table 4: Characteristic values of the [FeX] and Fe[VII] emission lines.
Emission line
FeVII narrow
FeVII broad
FeX narrow
FeX blue asymmetry
FeX broad

Velocity km s

1

Velocity
km s 1
61 ± 4.5
510
83 ± 10
85 ± 12
488

30 ± 5
340 ± 30
50 ± 15
215 ± 25
230 ± 22

dispersion

Flux ⇥10
cm 2
3 ± 0.2
10 ± 0.5
10 ± 26
6 ± 1.5
24 ± 1

17

erg s

1

component for the broad base, one for the narrow core, and then one component for a blue wing
on the narrow core. An example of our fit is shown in Figure 24. In table 4 we list our findings for
the [FeVII] and [FeX] emission lines. We find the velocity of the narrow and broad component to
be lower than that previously found by Rodrı́guez-Ardila et al. (2006).
As mentioned above, the H flux can only be measured over a reduced portion of the field of view
due to low signal to noise further away from the nucleus. Diagnostic BPT plots, shown in Figure
26, reveal that within the region where we have H coverage, primarily the nucleus and extended
emission regions, the majority of our points indicate AGN photoionization. We use the [SII] and
[OI] BPT plots in Figures 28 and 27 to determine whether the photoionization is dominated by the
AGN based on the classification lines of Kewley et al. (2006).
The distributions of all three of the BPT plots are consistent with AGN photo-ionization. Proceeding outwards from the center, in the BPT plot of each annuli, the distributions occupy similar
regions and do not vary significantly with radius. This implies that the ionization parameter is
approximately constant. We note that the [OI] is only measurable nearby to the nucleus.
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Figure 24: Spectral sample of [FeX] and [OI] emission lines, from MCG 06-30-15, fit with two
components to the [FeX] emission line, top, and three components, bottom. Residuals, seen in the
bottom panel of both plots, indicate the necessity of including a third component to fit the [FeX]
emission complex.
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Figure 25: Our BPT plots are organized by annuli of fixed width that increase in distance from the
nucleus. Progressing outwards we have annuli 1, annuli 2, annuli 3, annuli 4, and annuli 5.
7.1.2

Kinematic models

We have fitted the disk rotation model, 4, to the [NII] and [OIII] velocity maps, Figures 29 (b) and
30 (b), respectively. The derived model parameters are listed in tables 5 and 6. As discussed above,
it is not possible to constrain the amplitude and the p parameter of the rotation curve due to the
small field of view. Our models show that changing the p parameter has small e↵ects on the other
model parameters. The di↵erences between the [OIII] and [NII] models are small and not likely to
be significant.
Subtracting the models from the observed velocity fields, we identify gas that is moving noncircularly 29 (c). Residuals of the [NII] and [OIII] models are similar in morphology but the
amplitudes in [OIII] are slightly larger. There are blueshifted residuals to the Northwest and
redshifted residuals to the Southeast. Also, there is evidence of redshifted residuals along the
Northeast border of the field.
7.1.3

Velocity channel maps

Velocity channel maps for both [OIII] and [NII] were assembled. The [OIII] maps, shown in Figure
31 reveal greater changes in surface brightness distribution with velocity o↵set from rest than is
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(a)

(b)

(c)

Figure 26: The [NII]/H↵ BPT plots, of MCG 06-30-15, corresponding to the annuli in Figure 12
are (a) annuli 1, (b) annuli 2, (c) annuli 3, (d) annuli 4, and (e) annuli 5. In this plot, the dotted and
dashed curves are the Ka03 (Kau↵mann et al., 2003) and Ke01 (Kewley et al., 2001) classifications
lines, respectively. We see in these plots that the dominant photo-ionization mechanism is that of
an AGN.
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(d)

(e)

Figure 26: (cont.)

(a)

(b)

Figure 27: The [OI]/ H↵ BPT plots, of MCG 06-30-15, corresponding to the annuli in Figure
12 are (a) annuli 1, (b) annuli 2. In this plot, the diagonal line discriminates between LINER
photo-ionization and Seyfert photo-ionization.
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(a)

(b)

(c)

Figure 28: The [SII]/ H↵ BPT plots, of MCG 06-30-15, corresponding to the annuli in Figure 12
are (a) annuli 1, (b) annuli 2, (c) annuli 3, (d) annuli 4, and (e) annuli 5. In this plot, the diagonal
line discriminates between LINER photo-ionization and Seyfert photo-ionization.
Table 5: MCG 06-30-15 [NII] kinematic model parameters.
A [km/s]
Vsys [km/s]
Initial guesses
[50-250]
[2200-2500]
Parameter values returned
135
2374
182
2374

c[arcsec]

✓[deg]

p

[ 10-20]

[0-5]

[20-65]

Held fixed

207
207

1.4
1.6

50
49

1.000
1.250

0

[deg]
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(d)

(e)

Figure 28: (cont.)

Table 6: MCG 06-30-15 [OIII] kinematic model parameters.
A [km/s]
Vsys [km/s]
Initial guesses
[50-250]
[2200-2500]
Parameter values returned
132
2388
187
2388

0 [deg]

c[arcsec]

✓[deg]

p

[ 10-20]

[0-5]

[20-65]

Held fixed

203
203

2.0
2.3

62
61

1.000
1.250
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(a)

(b)

(c)

Figure 29: From the left, (a) is the observed velocity field of the [NII] narrow component, (b) is
the model of the velocity field, and (c) is the residuals of our model of the observed velocity field
of MCG 06-30-15. Velocity residuals in the Northwest and East indicate rotation opposite to that
of the velocity field.

(a)

(b)

(c)

Figure 30: From the left, (a) is the observed velocity field of the [OIII] narrow component, (b) is
the model of the velocity field, and (c) is the residuals of our model of the observed velocity field
of MCG 06-30-15. Velocity residuals in the Northwest and East indicate rotation opposite to that
of the velocity field.
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the case for [NII], therefore we only include the velocity channel maps of the [OIII] emission.
The spatial distribution of the gas emission at its greatest extent, in the rest frame velocity
channel is comparable with that seen in the [OIII] flux map, Figure 23. In the blueshifted channels,
the strongest emission extends away from the nucleus towards the Northwest side of the field.
However this emission disappears for velocities >

200 km s

1

at which point, only emission from

the nucleus is observed. Similarly, in redshifted channels, the strongest emission extends to the
Southeast of the nucleus and fades at velocities > +200 km s

1

. The direction of rotation of this

gas is consistent with the direction of rotation observed in our [OIII] and [NII] velocity field maps
presented above.
Also noticeable towards the Northwest of the nucleus in the +50

100 km s

1

velocity channels

is faint emission that is co-spatial with the redshifted [OIII] and [NII] velocity residuals. Similarly,
East of the nucleus in the

50 km s

1

velocity channel is faint emission that is co-spatial with

[OIII] and [NII] velocity residuals.
7.1.4

Principal components analysis

We have performed a principal component analysis of our datacube treating the wavelength ranges
that include, respectively, the [NII] and H↵ emission lines and [OIII] and H emission lines separately, as well as an analysis of the entire observed spectrum. We present below our tomographs
and eigenspectra of the segment including the [NII] and H↵ emission lines. As the tomographs and
eigenspectra of the [OIII] and H

emission lines and the entire observed spectrum show features

very similar to those seen for [NII] and H↵, they are not presented here. The percent contribution
of each eigenvalue to the overall variance is included in table 7. Also, we only include the first six
eigenvalues, subsequent eigenvalues show similar features or are dominated by noise.
Figure 33(a) shows the first eigenspectrum and in it we see the [NII] doublet and the narrow
H↵ emission line superimposed with a broad H↵ emission from the unresolved nucleus. In the
associated tomograph, Figure 33(a), the correlated negative values are concentrated in the center
of the field and are anti correlated with values towards the edge of the field. This eigenspectrum
and associated tomograph are tracing the unresolved nuclear emission.
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(a) -500 km s

1

(b) -450 km s

1

(c) -400 km s

1

(d) -350 km s

1

(e) -300 km s

1

(f) -250 km s

1

(g) -200 km s

1

(h) -150 km s

1

(i) -100 km s

1

(l) +50 km s

1

(j) -50 km s

1

(k) 00 km s

1

Figure 31: The [OIII] velocity channel maps, of MCG 06-30-15, are organized from blueshifted
components first to the redshifted components last. Each image represents a 50 km s?1 wide slice
of the line emission. Blueshifted emission in the Northwest and redshifted emission in the East
overlaps spatially with redshifted emission in the Northwest and blueshifted emission in the East,
indicating two distinct kinematic components are seen overlapping along the line of sight.
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(m) +100 km s

1

(n) +150 km s

1

(o) +200 km s

1

(p) +250 km s

1

(q) +300 km s

1

(r) +350 km s

1

(s) +400 km s

1

(t) +450 km s

1

(u) +500 km s

1

Figure 31: (cont.)
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Figure 33(b) is the second eigenspectrum and is similar to eigenspectrum (a). We see the same
broad H↵ emission component as before with negative values. Unlike the first eigenspectrum, the
narrow [NII] 6584 and H↵ emission lines have a blueshifted negative component and a redshifted
positive component relative to the negative broad H↵ component. The continuum value is also
o↵set from 0.0, which indicates that this eigenspectrum and tomograph, shown in Figure 33(b),
trace correlations of the continuum emission as well as nuclear line emission.
In the third eigenspectrum, Figure 33(c), narrow emission lines are dominant and have a similar
pattern as the narrow lines in the second eigenspectrum. These narrow emission lines have negative
blueshifted values and positive redshifted values of equal magnitude. Figure 33(c) shows the corresponding tomograph and shows that the negative values lie on the Northwest side of the field and
are anticorrelated with positive redshifted values on the East side of the field. The anti-correlation
between spatial position of redshifted and blueshited values indicates that this eigenvalue is associated with the large scale disk rotation. This direction of rotation agrees with the rotation inferred
from the velocity field parameter maps.
The fourth eigenspectrum, Figure 33(d), exhibits a broad positive component whose peak is
at ⇠6608Å, which is presumably associated with the strong H↵ line, as well as strong negative
components corresponding to the narrow H↵ and [NII] lines. The broad peak is slightly blueshifted
relative to the narrow H↵ core, which peaks at ⇠6612Å. In Figure 33(d), a conical shape with an
apex at the center of the field is anti-correlated with two lobes on the Northwest and East side of
the field. The conical shape is associated with the broad component of the eigenspectrum, whereas
the anti-correlated narrow peaks are associated with the two lobes and the negative values that are
extended away from the center. These features are not obviously correlated with features in the
parameter maps. Other, minor variations within the narrow lines trace a rotating component that
is consistent with rotation of the main disk.
In the fifth eigenspectrum, Figure 33(e), positive values are associated with a broad emission
component, but the dominant positive values are due to narrow emission lines. Within the components that are associated with the narrow emission lines, the positive values are flanked on either
side by negative values. In the tomograph of the fifth eigenspectrum, Figure 33(e), a band of neg-
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ative values crosses the field of view at the same position as the extended emission that we see in
the [OIII] flux maps. In the center, on either sides of the band, are two lobes of positive values.
The negative values are associated with the extended emission that is also co-spatial with emission
in the [OIII] flux map, whereas the positive values are associated with the broad component and
the narrow core of the narrow emission lines.
Figure 33(f) shows the sixth eigenspectrum which contains features corresponding to the narrow
emission lines with alternating positive and negative values. This eigenvalue contributes a small
fraction of the total variance, however, it is still considered an interesting eigenvalue because there
is no indication that noise dominates the tomograph and eigenspectrum. In the corresponding
tomograph, Figure 33 (f), extending from Northwest to East across the field are alternating positive
and negative values. The most positive values are to the Northwest of the center of the field at
⇠

0.5, 0 arcseconds, whereas the most negative values are to the East of the center at ⇠ 0.5, 0

arcseconds. The most negative and positive values are associated with the strongest peaks in the
emissions lines, at the centers of the H↵ emission line, which indicates that the positive lobe in
the center is blueshifted, and the negative lobe at the center is redshifted. The remaining positive
and negative value of the emission lines, are themselves anti-correlated. Positive values further
away from the center of the tomograph, that extend from ⇠ 0.5

3.0 arcseconds, are redshifted

and likewise, values corresponding with the extended feature from ⇠

0.5

3.0 arcseconds are

blueshifted. Similar to the minor variations of the fourth eigenspectrum, Figure 33 (d), which trace
extended emission, these extended and anti-correlated features are co-spatial with the extended
structures that we see within the flux maps of [OIII] and [NII]. Furthermore, it appears that the
negative values in the tomograph are spatially connected and trace blueshifted emission further
from the nucleus and then redshifted emission closer towards the nucleus. The positive values are
redshifted further from the nucleus and blueshifted close to the nucleus. We infer that they pass
behind the nucleus and then re-emerge on the opposite side because the positive values become
divided by the extended morphology of negative values. We therefore interpret this as two inspirals streams , where the in-spiral associated with the positive values passes behind the nucleus
and the one associated with the negative values passes in front of the nucleus.
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(a) Eigenspectrum 1

(b) Eigenspectrum 2

(c) Eigenspectrum 3

(d) Eigenspectrum 4

Figure 32: Here we show eigenspectra of the first six eigenvalues derived from principal component
analysis of MCG 06-30-15 centered on the [NII] and H↵ emission lines. Eigenspectrum 1 (a)
and Eigenspectrum 2 (b) have a similar form as the spectrum sampled from the nucleus. In
Eigenspectrum 3 (c), alternating peaks and troughs can be used in conjunction with the tomograph
in Figure 33 (c) to infer rotation of the gas. Eigenspectrum 4 (d) contains a broad feature, which,
seen in conjunction with Figure 33 (d), appears to be correlated with the unresolved broad line
emission. Eigenspectrum 5 (e) shows the broad line emission is anti-correlated with the emission
from the rotating component. Eigenspectrum 6 (f) contains a series of alternating peaks and trough,
which, when considered in conjunction with the corresponding tomograph, Figure 33 (f), can be
used to infer two in-spiraling streams.
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Table 7: Percent contribution of eigenvalue.
Eigenvector
E1
E2
E3
E4
E5
E6

Percent of total variance
0.99226
0.0044
0.00288
0.00034
4.9 ⇥ 10 5
1.5 ⇥ 10 5

(e) Eigenspectrum 5

(f) Eigenspectrum 6

Figure 32: (cont.)
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(a) Tomograph 1

(b) Tomograph 2

(c) Tomograph 3

(d) Tomograph 4

Figure 33: Here we show tomographs of the corresponding eigenspectra, of MCG 06-30-15, presented in Figure 33. Tomograph 1 (a) traces the morphology of the nuclear emission, where negative
values in the center are anti-correlated with values on the edge of the field of view implying that
the strength of the nuclear emission decreases further from the center. Tomograph 2 (b) is similar,
but positive values correlated with continuum emission partially encircles the nucleus. Tomograph
3 (c) shows anti-correlated values in the Northwest and the East, which, in conjunction with the
eigenspectrum in Figure 33 (c) indicates rotation of the gas, similar to that seen in the velocity
field. In Tomograph 4 (d), a conical shape extending from the nucleus is associated with the unresolved broad line emission. Tomograph 5 (e) shows anti-correlation between a feature extending
from Northwest to East, and the nucleus. In tomograph 6 (f) we see spatially connected negative
values extending to the nucleus, but positive values that are spatially disconnected, which, when
considered in conjunction with the corresponding eigenspectrum, Figure 33 (f), can be used to infer
two in-spiraling streams.
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(e) Tomograph 5

(f) Tomograph 6

Figure 33: (cont.)

7.2

Discussion

Hubble Space Telescope imagery of MCG 06-30-15 is shown in Figure 34, where we have overlaid
onto the image a green box indicating the coverage of our field of view, and labeled the Nearside
(NS) and the Farside (FS) of the galaxy. The orientation of the galaxy was identified by assuming
that the dust lane, to the south of the nucleus, is between the viewer and the nucleus of the galaxy
and is thus partially obscuring the viewer’s line of sight to the nuclear region.
Our maps of MCG 06-30-15 portray a scenario of complicated kinematics and flux morphology.
We first will discuss the orientation of the galaxy within our field of view and the kinematic orientation of the galaxy. Following that, our discussion of this object will thus be broken into five parts,
section 7.2.1, the extinction due to dust along the line of sight to the nucleus, secondly, section
7.2.2, the evidence for a nuclear outflow seen in the broad components and coronal emission lines,
thirdly, section 7.2.3, evidence for gas inflow into the nucleus and the orientation of the AGN’s ionization cone, fourthly, in section 7.2.4, we discuss our interpretation of the kinematic components in
conjunction with the orientation of the ionization cone, and fifthly, in section 7.2.5, we estimate the
inflow rates and compare it to the fueling requirements estimated from the bolometric luminosity.
In their 2013 Integral Field study of the central 500 pc of MCG 06-30-15, Raimundo et al.
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Figure 34: Hubble WFC3 f547m filter image. We align the green box with our field of view. Blue
squares are used to identify a prominent dust lane in the field of view.
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(2013) discovered a stellar population that was rotating in a direction that was counter to the
rotation of the main disk of the galaxy. This was further confirmed in a followup study in 2016
Raimundo et al. (2017) when they observed similar counter rotation in H2 emission and ionized
gas emission. The spatial extent of our observations is similar to that of their H2 observations, and
based on our parameter maps, velocity channel maps, and principle component analysis, within our
field of view we see that the gas rotates in a similar direction. Therefore, we conclude that our field
of view includes very little of the large scale galactic disk and we are therefore observing mostly
counter rotation. This counter rotation is clockwise about an axis of rotation pointed Northwards.
If we consider an inclined viewing angle towards a larger disk containing within it a smaller
counter rotating disk, the viewer will observe the two disks to overlap along the line of sight and
the region of no overlap will form an ellipse. If we consider emission from the overlapping region of
the disks we will see the superposition of emission from two kinematic components and we would
expect double peaked emission line profiles. A single gaussian component fit to the superimposed
profile then would become broadened. Examining the [NII] and [OIII] velocity dispersion maps
presented above, Figure 22 and 23, we see that a partial ellipse of lower velocity dispersion is
present around the center of the field of view whereas away from the center, the velocity dispersion
increases. In the East, ⇠ 2

3 arcseconds from the nucleus, low velocity dispersion values extend

beyond the edge of the ellipse. If along the line of sight towards and between the two kinematic
components the emission from the second component is obscured, then the emission towards the
viewer would be mostly contributed by the closer kinematic component and the line profile would
appear unbroadened. Evidence for an obscuring source is discussed below in section 7.2.1.
7.2.1

Extinction along the line of sight

The X-ray spectrum of MCG 06-30-015 is well known to show signatures of a dusty warm absorber
that has been the subject of multi-wavelength studies and some debate (Reynolds et al. (1997), Sako
et al. (2003)). We derive the extinction of the gas along the line of sight to the nucleus based on
the Balmer decrement. Our study expands upon the work performed in 1997 by Reynolds et al.
(1997), by resolving the broad and narrow components of the H↵ and H recombination lines and
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Table 8: Extinction values along the line of sight towards the nucleus.
H↵/H
H↵/H
(Narrow)
H↵/H (Broad)

Author
Reynolds et al.
(1997)
This paper

Intrinsic ratio
2.76

Observed ratio
8.0 (7.6-8.4)

E(B-V)
1.02 (0.61-1.09)

2.87

9.0 (8.7-9.3)

1.15 (1.12-1.18)

This paper

3.06

11.1 (11.0-11.2)

1.42 (1.41-1.43)

estimating the extinction of the respective components. Our IFU observations also allow us to
study the distribution of the extinction in the field of view.
We estimate the reddening along the line of sight to the nucleus by using the intrinsic ratio and
observed ratio of H↵ to H to determine the extinction factor, c, from

jH↵/H = jH↵0 /H 0 10
where jH↵/H and jH↵0 /H

0

c[f (H↵) f (H )]

,

(6)

are the observed and intrinsic ratios of the H↵ and H emission lines.

We estimate the color excess E(B-V), and thus the extinction, by finding the magnitudes of the B
and V bands using

A =

2.5cf ( ),

(7)

where the value of f ( ) is determined from the extinction curve, assuming R=3.1 at the wavelengths
of the B and V filters (Osterbrock & Ferland, 2006). For the narrow line components, we assume the
Case B low density limit and a temperature of 104 K, which yields an intrinsic ratio jH↵0 /H

0

= 2.87,

from Osterbrock & Ferland (2006). For the broad line components, we assume an intrinsic ratio
jH↵0 /H

0

= 3.06, from Dong et al. (2008). We compare our derived values to values determined by

Reynolds et al. (1997) in table 8.
We note that if we adopt their intrinsic ratio then the value we find for the extinction of the
narrow component only increases by ⇠0.04. Our estimate of the extinction towards the nucleus is
an average over an area 0.3 arcseconds in radius, which is approximately the size of our seeing disk.
Outside of this area, the extinction, E(B-V) decreases rapidly and approaches an average value
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⇠ 0.70

0.82 within the seeing size, which is still greater than the Galactic extinction value derived

along the line of sight 0.061, which we obtain from the NASA/IPAC Infrared Archive. Therefore, in
our field of view, within a spatial scale less than 135 pc along the line of sight towards the nucleus
the extinction reaches its peak value and outside of this region the extinction remains elevated with
respect to the galactic extinction. Our values for the extinction are comparable with those found
by Reynolds et al. (1997).
The extinction of the broad component is larger than the narrow component, which might
be expected if the broad component originates further along the line of sight with respect to the
narrow component. This could imply that the increase in extinction between the narrow line Balmer
decrement and the broad line Balmer decrement is due to dust that extends at least as close to the
nucleus as the Broad Line Region.
7.2.2

Nuclear outflow

An outflow from the nucleus may be inferred from the velocities of the high excitation iron emission
lines as well as their velocity dispersion. The results of our spectral models of the [FeVII] and [FeX]
emission lines indicate that they are blueshifted. We list measurements of the velocity, velocity
dispersion, and flux in table 4. The [FeVII] and [FeX] emission lines have been previously studied
by Rodrı́guez-Ardila et al. (2006). Using a two gaussian model, they reproduced the emission line
profiles of [FeVII] and [FeX] and found the broad components to be blueshifted by -277 and -340
km s

1

. The narrow components were found to be blueshifted to

30 and

76 km s

1

for [FeVII]

and [FeX]. We assume that this indicates an outflow rather than an inflow for similar reasons
The velocity we obtained for the broad component of [FeVII] appears to be greater than that
derived by Rodrı́guez-Ardila et al. (2006), which may be due to the low signal to noise of the [FeVII]
broad component. However, we do find that the velocity of the [FeVII] narrow component, derived
from our fits, matches that of the velocity of the narrow component of [FeVII] derived by their
group.
For [FeX] we have used three components to model the emission line profile, which improved
the quality of our fit. We list measurements of the velocity, velocity dispersion, and flux in table
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4. We find that our values for the narrow and broad components to di↵er from those reported
by Rodrı́guez-Ardila et al. (2006) by greater than our uncertainties. Furthermore, our velocity
dispersion for the narrow and broad components are also less than their values. The reason for the
discrepancy may be due to our three component model.
7.2.3

Inflowing gas and the ionization cone

The velocity channel maps that we presented in Figure 31 seem to be conflicting with the velocity
residual maps presented in Figure 30, but we will show that they are actually consistent. In the
[NII] and [OIII] velocity residual maps, redshifted residuals are present 2-3 arseconds Northwest
from the nucleus. Velocity channel maps of [OIII], o↵set from rest to between 0.0 and -200 km s

1

show that further North of this region in the field of view is gas blueshifted with respect to the
galaxy. Because of contamination from the broad emission, the velocity channel maps of [NII] show
little change in the gas emission morphology at velocities o↵set from rest. A search for emission in
the velocity channel maps redshifted to +50-100 km s

1

easily finds redshifted [OIII] emission 2-3

arcseconds Northwest of the nucleus. On the East side of the field of view in the velocity residual
maps, blueshifted residuals ⇠2-3 arcseconds to the East from the nucleus overlap spatially with
redshifted emission present in the velocity channel maps between 0.0 and +200 km s
examination of the velocity channel maps blueshifted to -50 km s

1

1

. Careful

reveal faint emission from the

blueshifted component visible in the velocity residual maps.
In the tomograph corresponding to the E6 eigenspectrum, Figure 33 (f), we identified anticorrelated redshifted and blueshifted components around the nucleus as well as anti-correlated
components away from the nucleus. In the same tomograph, points in the nucleus are connected
with points away from the nucleus. Negative values in the Northwest cross in front of the nucleus
with respect to the viewer, and positive values in the East cross behind the nucleus.
The anti correlated patterns of the tomographs can be explained as inflows of gas into the central
region. The features in the tomograph associated with blueshifted line emission in the Northwestern
side of the IFU field of view coincide spatially with blueshifted emission in the channel maps. We
interpret this as an inflow, which approaches the viewer and crosses in front of the nucleus and
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becomes redshifted as it recedes from the viewer. The features in the tomograph associated with
redshifted line emission in the Eastern side of the field of view coincide spatially with redshifted
emission in the channel maps, which recedes away from the viewer and crosses behind the nucleus
and then reappears again becoming blueshifted as it approaches the viewer. Also, the inflows are
rotating in the same direction as the counter rotating disk within the central kiloparsec. It appears
that these are tracing gas that is flowing into the nucleus from two in-spirals that originate in the
plane of the counter rotating disk.
Redshifted and blueshifted velocity residuals, which can also be seen in the velocity channel
maps are consistent with the direction of motion of the main galaxy disk. In the Northwest, the
edge of the counter rotating disk is partly viewed in projection from behind the main galaxy disk.
At the location of overlap between the two components, the increase in velocity dispersion arises
from the superposition of emission lines from the two disks. We believe the counter rotating disk
is seen from behind the main galaxy disk because in the velocity channel maps, the blueshifted
emission is weaker than the redshifted emission. In the East, seen in the velocity channel maps,
the emission from the main disk is seen weaker than the emission from the counter rotating disk.
The emission from the main disk su↵ers some extinction as seen from behind the counter rotating
disk, which results in the blended line profile being narrower and somewhat blueshifted.
Previously, Raimundo et al. (2017) have mapped the molecular gas within the central kilo-parsec
of MCG -06-30-015 as part of a study of the counter rotating core. Their observations of the 1-0
S(1) H2 gas revealed, after subtracting elliptical isophotes, redshifted flux residuals West of the
nucleus but were unable to detect complimentary blueshifted residuals in the East. They suggested
that if the residuals were associated with the dust lane, then they might be evidence of inflows. In
Figure 34 we note the position of the obscuring dust lane stretching across the field of view to the
near side of the galaxy and we compare these points with the emission morphology in the velocity
channel maps, Figure 31. The Northwest and East points of the dust lane are co-spatial with
the blueshifted and redshifted emission in the velocity channel maps that we attribute to inflows.
The redshifted velocity residuals in the Northwest lie further outside of the dust lane, as seen in
projection on the sky. The points in between trace the dust lane and coincide spatially with the
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regions of lower velocity dispersion. This appears to indicate that the dust lane is coupled with the
inflowing gas and is part of the counter rotation.
7.2.4

Geometrical model

It is clear from our BPT diagrams that the line-emitting gas over the entire field of view is photoionized by the central engine. In any interpretation of our observations the AGN ionization cone
must be oriented relative to the disk in a manner that yields the observed flux morphology.
In Figure 35 we present a geometrical model of the central kiloparsec of MCG 06-30-15 where
we assume the axis of the ionization cone is configured to ionize gas in the Northwest and East.
In the model we have included a component to model the rotating main disk, shown as the orange
component in Figure 35 (a), and within a second component that represents the counter rotating
disk, shown as the blue component in Figure 35 (b). The configuration of these two disks is shown
in Figure 35 (d). We represent the blueshifted inflow as a blue cone and the redshifted inflow as a
red cone, shown as the blue and red components in Figure 35 (c), and we include a green biconical
ionization cone, shown as the green component in Figure 35 (e), to illustrate the collimated emission
that photoionizes both the main disk and the counter rotating disk. In our model, the axis of the
ionization cone passes slightly below the plane of the counter rotating gas in the East, and above
the plane in the Northwest, shown with the inflows overlaid in Figure 35 (f). Unfortunately, with
this configuration, it is difficult to see how the intersection of the ionization cone can result in an
elliptical shape, as we observe in our flux maps. Furthermore, by angling the ionization cones into
the plane of the sky, and assuming the ionization cone emerges from the opening of the torus, the
viewer would no longer have a view of the broad line region and thus we would not see a Seyfert 1
galaxy.
This model assumes that the ionization cone, shown as the green component in Figure 35 (e),
is angled towards the plane of the counter rotating disk, shown as the blue disk in Figure 35 (b),
nearly perpendicular to the line of sight. However, radio observations of this object, shown in
Figure 36, reveal a compact and unresolved source that may be elongated towards the North and
South (Mundell et al. (2009), Morganti et al. (1999), Nagar et al. (1999)). From these observations,
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 35: Here is our geometric model, of MCG 06-30-15, with the axis of the ionization cone
angled into the plane of the main galaxy disk. Parts of the model include a disk of the main galaxy,
shown in (a), a counter rotating disk, shown in (b), and a redshifted and blueshifted inflow, shown
in (c). in (d) we show the combination of the rotating main disk and the counter rotating disk
from the observers perspective. In (e) biconical ionization cone angled into the plane of the main
rotator, shown overlaid with the rotating and counter rotating disks. The entire ensemble of disks,
inflows, and the ionization cone is shown in (f) and is viewed from the observers perspective. This
model was designed using Shape software (Ste↵en et al., 2011).
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Figure 4. 8.4 GHz radio images of Seyferts; see Table 4 for contour levels.
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in Figure 37 a model of this configuration, viewed from a perspective edge on to the rotating and
counter rotating disk, shown in 37 (g), and from the observers perspective, shown in 37 (h). In this
scenario, overlap along the line of sight towards two kinematically distinct disks still leads to the
ring-like pattern of increased velocity dispersion. We o↵set the inclination and principal angle of
the main galaxy disk from the counter rotating disk by tilting it towards the viewer and counter
clockwise in the plane of the sky. Along the line of sight, this configuration would place the edges
of the counter rotating disk behind the main galaxy disk in the Northwest and in front of the main
galaxy disk in the Eastern side of the field of view. If we assume that the counter rotating disk
contains more dust than the main galaxy disk, then emission from behind the counter rotating
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disk will be suppressed along the line of sight. The superimposed emission line profile of the two
disks will therefore appear asymmetric, with a weaker line from the background disk manifesting
itself as a wing. The asymmetry will be unresolved by a single gaussian fit as we have attempted,
and instead the line profile model may remain unbroadened but still slightly shifted in wavelength.
With a stronger line from the background disk, the model of the line profile may become broadened
and shifted in position.
In our second model, 37, the ionization cone is inclined towards the viewer and the receding
cone does not intersect with the top surface of the disk. To produce the elliptical flux morphology,
the inclination of the cone must be larger than the inclination of the counter rotating disk, but
not so much that the receding cone intersects the top of the disk, otherwise we would see the
morphology extend towards the top of the field of view. Also, in our velocity channel maps, we see
the entire field is dominated by counter rotation with part of the galactic disk visible at the extreme
edges. Therefore, the half opening angle of the ionization cone would need to be wide enough to
intersect with the majority of the central counter rotating disk, which implies that the half opening
angle be as wide as ⇠60 , but we would need to understand the size of the Narrow Line Region in
order to robustly estimate the size of the opening angle. We tilt the two disks with respect to one
another to produce the overlap, which results in the ring of increased velocity dispersion discussed
above in section 7.2.3. By angling the ionization cone towards the viewer this model provides a
better explanation for the morphology of our flux observations, but also, as we discussed above,
MCG 06-30-015 has been classified as a Seyfert 1 galaxy and as our observations indicate, we see
emission from the broad line region. This would lead to the assumption that we are viewing the
central engine through the opening angle of the torus and thus viewing along the ionization cone.
Assuming that the ionization cone emerges from the opening of the torus, it seems unlikely that we
would observe a Seyfert 1 AGN if the ionization cone is angled into the plane of the sky. Therefore,
it seems that the ionization cone is pointed in a North/South orientation and is inclined towards
the viewer. It is for these reasons that the second model, shown in Figure 37, is to be preferred.
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(a)

(b)

(c)

(d)

Figure 37: In this model of MCG 06-30-15, we include a disk of the main galaxy, shown in (a),
and a counter rotating disk, shown in b. We include two views of the ionization cone, the first,
shown in (c), is edge on to the bicone, and the second is from the perspective of the viewer, shown
in (d). In (e), we show the combination of the rotating and counter rotating disk as would be seen
from the observer and in (f) we show the same view but focused on the center. We combine all the
elements of the model and show two views of the the model, the first is edge on to the rotating and
counter rotating disks, shown in (g), and the second is from the viewpoint of the observer, shown
in (h). This model was designed using Shape software (Ste↵en et al., 2011).
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(e)

(f)

(g)

(h)

Figure 37: (cont.)
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7.2.5

Fueling considerations and estimated mass inflow rates

Based on our principle component analysis, we have argued for the existence of mass inflows in the
plane of the counter rotating disk. Here we use these observations to estimated the mass flow rate
into the nucleus, from the eigenspectrum and tomograph in Figure 33 (f) and 33 (f).
From the E6 eigenspectrum, we determine the wavelengths of the two positive and two negative
peaks for each line and we use this to calculate the doppler shifted velocity of the gas, which yields
four di↵erent radial velocities. Away from the nucleus we estimate the velocity of the gas in the
Northwest to be ⇠ 170 km s

1

and in the East to be ⇠ 80 km s

the radial velocity of the gas to be ⇠ 0 km s

1

1

. Close to the nucleus, we estimate

in the Northwest and ⇠ 90 km s

1

in the East.

We select the larger of the two velocity values from each region to estimate the inflow rate of the
gas. We therefore select ⇠ 170 km s

1

and ⇠ 80 km s

1

for the velocity of the gas away from the

nucleus and close to the nucleus, respectively.
We adopt a similar method that Schnorr-Müller et al. (2017) used to estimate the mass inflow
rate into the nucleus of NGC 1358. First we assume that the gas in a cylindrical volume is moving
at a steady rate with constant density. From the continuity equation for fluid dynamics, we derive
an expression for the observed mass flow rate,

Ṁobs = ne ⇡r2 vmp f,

(8)

where ne is the number density of the gas, r is the radius of the end of the cylinder through which
the gas is passing, v is the velocity of the gas, mp is the mass of a proton, and f is the filling factor
of the gas. The number density is estimated from the electron density maps. The filling factor is
determined from the H↵ luminosity and the e↵ective recombination rate from the equation

f=

LH↵
ef f
↵H↵
V

n2e h⌫H↵

,

(9)

where V is the volume of the cylinder, h is Planck’s constant, and ⌫ is the frequency of the H↵
ef f
photon. The quantity ↵H↵
is the e↵ective recombination coefficient for the H↵ emission line. This
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Table 9: Estimated mass inflow rates and parameters.
LH↵ erg s 1
1.02 ⇥ 1038
1.34 ⇥ 1039

v cm s 1
1.90 ⇥ 107
9.1 ⇥ 106

ne cm
150
380

3

Ṁ M yr 1
⇠ 2 ⇥ 10 3
⇠ 3 ⇥ 10 2

l cm
1.02 ⇥ 1021
1.85 ⇥ 1020

can be obtained from the e↵ective recombination coefficient for H as given by Osterbrock & Ferland
(2006) as follows,

ef f
h⌫H↵ ↵H↵
=

4⇡jH
jH↵
⇥
,
np ne
jH

(10)

where ne and np are the number electron and proton number densities, jH↵ /jH is the relative
intensity of the Balmer lines, and jH is the emission coefficient for the H

line. We adopt the

e↵ective recombination coefficient from Osterbrock & Ferland (2006), assuming a Case B low density
limit and a temperature of 10000 K, and combine it with the energy of the H↵ photon so that the
ef f
product ↵H↵
h⌫H↵ can be rewritten as JH↵ = 3.534 ⇥ 10

25

erg cm3 s

1

. We combine equations 8

and 9 to get an expression in terms of quantities that we can derive from our maps,

Ṁobs = 2 ⇥

mp vLH↵
,
JH↵ ne l

(11)

where l is the length of our cylinder, which is the distance from the nucleus and the volume of the
cylinder is then V = ⇡r2 l. Assuming the distance to the galaxy is 33.2 Mpc, the H↵ luminosity
is derived from the flux parameter maps at the points in the E6 tomograph where we estimate
the velocity of the gas. Due to the heavy extinction in the center, we correct the H↵ luminosity
assuming a standard reddening law using the value of R=3.1 and E(B-V) derived from the narrow
lines in table 8. Since the gas is assumed to be co-planar with the counter rotating disk, we correct
the inflow velocity of the gas for the inclination angle derived from the kinematic modeling. We
assume the two paths of inflow to be identical and therefore include the factor of 2 in equation
11. In table 9 we list the inflow rates for parameter sets from the two positions in the tomographs
corresponding to the two blueshifted peaks in the eigenspectrum.
By estimating the bolometric luminosity from the [OIII] emission line, we can compare the estimated
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mass inflow rate with the mass accretion rate that is necessary to power the AGN. We correct the
[OIII] luminosity for reddening with the same assumptions as we used when correcting the H↵
luminosity. To convert this to the bolometric luminosity, we use the method of Heckman et al.
(2004) who derived a bolometric correction factor from the relative strength of the [OIII] line to
the continuum at 5000 Å of a sample of Type 1 AGN and compared this to SED models developed
by Marconi et al. (2004). In their paper, Lira et al. (2015) assume the distance to MCG 06-30-15
to be 37 Mpc and find the bolometric luminosity to be 3 ⇥ 1043 erg s
the value determined by Reynolds et al. (1997), ⇠ 2 ⇥ 1043 erg s

1

1

, which agrees well with

. Our value determined with a

galaxy distance of 33.2 Mpc is found to also be in good agreement, ⇠ 2.4 ⇥ 1043 erg s

1

. We note

that by scaling our assumed distance to 37 Mpc, our luminosity becomes ⇠ 3 ⇥ 1043 erg s

1

. We

therefore calculate the mass accretion rate with our value of the bolometric luminosity using the
equation,

Ṁbol =

Lbol
,
c2 ⌘

(12)

where c is the speed of light and ⌘ is the efficiency with which the material being accreted is
converted to radiation. The accretion rate based on the bolometric luminosity is therefore found
to be ⇠ 4 ⇥ 10

3

M

yr

1

. This is approximately the order of magnitude of the observed mass

inflow rate, but we point out that our estimate of the flow rate is only considering ionized gas. As
can be seen in integral field maps by Raimundo et al. (2017), a counter rotating disk of molecular
Hydrogen is co-spatial with the observed counter rotating ionized gas and therefore, the ionized gas
may be the photoionized surface of a molecular cloud that makes up the bulk of the mass inflow.
7.2.6

Possible indication of previous history

As was discussed in Raimundo et al. (2017) and in Raimundo (2017), the counter rotating core of
MCG 06-30-15 suggests that at some point, MCG 06-30-15 underwent a minor merger. We report
here the discovery of a faint di↵use structure that lies at a projected distance of ⇠ 4.8 kpc towards
the West from the nucleus of MCG 06-30-15. From Hubble WFC3 547m imagery we estimate the
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objects surface brightness within an ellipse of size ⇠ 2.6 arcsecond2 , and measure it to be 22.15
mag/arcsecond2 . This object can also be found in Galex FUV and NUV images. In Figure 38,
we include the Hubble imagery, scaled to show the faint structure, as well as the Galex FUV and
NUV imagery. The extended nature of the object suggests that it was once tidally disrupted, which
might have provided the source of the counter rotating core. To better understand the nature of this
object requires further observation, in particular, spectroscopic observations need to be performed
in order to confirm the redshift of the object and study the source of its ionization.

8

Conclusions

We have performed a detailed study of the central kiloparsec of the Active Galaxies NGC 4180
and MCG 06-30-015 using optical Integral Field Spectroscopy. We have performed a multiple
component fit to the spectra, as well as a kinematic analysis, where we have modeled the velocity
field of the ionized gas, and a principal component analysis of the datacube. We investigated the
kinematic properties and the emission morphology of the ionized gas so that we could identify mass
inflows and outflows. In both galaxies we have developed a model of the geometric configuration of
the kinematic components as well as the orientation of the ionization cone.

8.1

NGC 4180

In NGC 4180, we have examined the [NII], H↵, and [SII] emission lines. The [OIII] emission line
was present in the spectra but was very weak and confined to the center, and we were unable to
observe the H emission line. We have found the [NII] and H↵ emission lines to be well modeled
by a single gaussian in spaxels along the edges of the field of view, and by two gaussians in spaxels
in the center of the field of view. The single component fit and the narrower component of the
two component fit complement each other well, and when combined, trace the emission of the main
disk, which extends across the entire field of view. This is distinguished from the broader and
blueshifted component of the two component fit, which is confined to the center of the field of view.
Using WHAN plots, we have found that the narrow component is consistent with gas that has been
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(a)

(b)

Figure 38: HST optical and GALEX UV images of MCG 06-30-015, with contrast scaled to show
a faint feature located 30 arcseconds West and 5 arcseconds North of the galaxy nucleus. Image (a)
is the Hubble WFC3 f547m image, image (b) is the GALEX FUV, and image (c) is the GALEX
NUV.
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(c)

Figure 38: (cont.)
photoionized by a young stellar population, an evolved stellar population, and an AGN, whereas
the broad component is consistent with gas photoionized primarily by an AGN. The kinematics of
the narrow component are mainly that of regular rotation, which traces the rotation of the main
disk of the galaxy. Deviations from the circular rotation were identified to be a spiral arm passing
behind the nucleus, along the line of sight, and seen in outflow. We find the broad component to
trace an outflow along the ionization cone, where we have estimated the mass outflow rate to be
⇠ 4 ⇥ 10

5

M

yr

1

.

Our estimation of the outflow rate is interesting since it is approximately four or more magnitudes smaller than has been seen in other sources with comparable bolometric luminosities.
We estimated the outflow rate for NGC 4180 from the H↵ luminosity, which was found to be
LH↵ ⇠ 2.8 ⇥ 1036 erg s
M

yr

1

1

. Comparatively, in NGC 1386, the outflow rate was found to be ⇠ 0.1

and was estimated from the H↵ luminosity, where LH↵ ⇠ 2.5 ⇥ 1040 erg s

2015). In NGC 2110, the outflow rate was found to be ⇠ 0.9 M
luminosity, where LH↵ was found to be ⇠ 3.2 ⇥ 1039 erg s
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1

yr

1

1

(Lena et al.,

estimated from the H↵

(Schnorr-Müller et al., 2014). In these

cases, the outflow rate, which is directly proportional to the H↵ luminosity, is larger by three to
four orders of magnitude. However, the bolometric luminosities of NGC 1386 and NGC 2110 are
Lbol ⇠ 1.8 ⇥ 1042 erg s

1

and Lbol ⇠ 2.9 ⇥ 1043 erg s

1

, respectively, which is approximately the

same order of magnitude as the bolometric luminosity of NGC 4180, which we estimated from its
hard x-ray luminosity and found to be Lbol ⇠ 2 ⇥ 1043 erg s
estimated from the Br flux, was even larger, ⇠ 1.9 M
estimated to be Lbol ⇠ 3.6 ⇥ 1044 erg s

1

yr

1

1

. In NGC 1068 the outflow rate,

and the bolometric luminosity was

(Emsellem et al., 2006). Therefore it appears that if

the outflow NGC 4180 is truly an outflow, it is much weaker than those observed in other Seyfert
galaxies of comparable luminosity.

8.2

MCG 06-30-015

In MCG 06-30-015, we have examined the H , [OIII], [FeVII], [OI], [FeX], [NII], H↵, and [SII]
emission lines. We fit the coronal emission lines, [FeVII] and [FeX] with two gaussians, one representing the broad wings and one the narrow core. Furthermore, we fit an extra gaussian component
to reproduce the blue asymmetric feature of the narrow component of the [FeX] emission line. Our
estimates of the velocities of the ionized gas in the coronal region are found to be inconsistent with
velocities previously determined in other works.
We have also investigated the nature of the dusty warm absorber and estimated the extinction
of the gas along the line of sight to the nucleus using the Balmer decrement. We estimate the
extinction, E(B-V), of the narrow line gas to be ⇠ 1.15 and the extinction of the broad line gas to
be ⇠ 1.42.
Our multiple component fit of the [OIII] and H

emission lines as well as the [NII] and H↵

emission lines included two gaussians, which were used to reproduce the broad wings and a single
gaussian, which was used to reproduce the narrow core. Previous integral field studies of this object
have found it to contain a counter rotating core, and we have found that the ionized gas in our
field of view almost entirely consists of the counter rotating core. However, at the edges of the
field of view, in the Northwest and East, velocity residuals as well as our velocity dispersion map
show that the main disk of the galaxy and the counter rotating disk are overlapping along the
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line of sight. Our geometric model shows that the observed emission morphology can be explained
by an ionization cone inclined towards the viewer and intersecting the gas, creating an elliptical
shape. Within this ellipse, BPT diagrams indicate that the line emission is entirely due to AGN
photoionization. Furthermore, our principal component analysis of the datacube reveal that there
are inflows of gas along two spiral arms that originate in the counter rotating disk. We estimate
the total inflow rate to be ⇠ 3 ⇥ 10

2

M

yr

1

.

The inflow rate of NGC 2110 was found to be ⇠ 2.2 ⇥ 10

2

M

yr

to the accretion rate derived from the bolometric luminosity, ⇠ 5 ⇥ 10

3

1

, but when compared

M

yr

1

, which is the

accretion rate necessary to fuel the observed AGN luminosity, the measured inflow rate was found
to be a factor of four larger (Schnorr-Müller et al., 2014). The inflow rate of NGC 1358 was found
to be ⇠ 1.5 ⇥ 10

2

M yr

luminosity, ⇠ 0.9 ⇥ 10

4

1

M

, but when compared to the accretion rate derived from the bolometric
yr

1

, it also is found to be a factor of fifteen larger (Schnorr-Müller

et al., 2017). However, the inflow rate of NGC 6951 was found to be ⇠ 3 ⇥ 10

4

M yr

1

(Storchi-

Bergmann et al., 2007), but, unlike NGC 2110 and NGC 1358, when compared to the accretion
rate derived from the bolometric luminosity, ⇠ 2.8 ⇥ 10

4

M

yr

1

, is found to be of the same

order as the accretion rate that was measured (Schnorr-Müller et al., 2017). We have found that
the accretion rate of MCG 06-30-015, ⇠ 3 ⇥ 10

2

M

1

yr

we estimated from the bolometric luminosity, ⇠ 4 ⇥ 10

3

, is a factor of 8 larger than the value

M

yr

1

. As has been suggested for

the other three objects, it is likely that the measured inflow rates of ionized gas only represents
a small fraction of the inflowing mass and that, simultaneously, molecular gas is also probably
accreting. In the case of MCG 06-30-015, previous integral field studies performed by Raimundo
et al. (2017) have also identified a reservoir of molecular gas, co-spatial to the counter rotating disk,
which is where we expect the inflows to originate, supporting the theory that molecular gas is also
contributing to the inflow. As is the case with other AGN that have been studied, the observed
mass inflow rates of MCG 06-30-015 are much higher than is necessary to explain the current
bolometric luminosity.
We also report the discovery of a faint smudge of emission ⇠ 4.8 kpc to the West of the nucleus
seen in HST and GALEX imagery. This faint emission may have been associated with a larger
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structure that was tidally disrupted by MCG 06-30-015 and could be linked to it’s counter rotating
core, and thus the reservoir of molecular gas, however further spectroscopic studies of this object
need to be performed in order to better understand its nature.
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